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A bstract
Bipolar outflows are ubiquitously present in Young Stellar Objects. They are 
the mechanism through which the accreting central object loses the excessive 
angular m om entum  and they play a m ajor role in stopping the gravitational 
collapse and probably in fixing the final mass of the forming star. A few 
outflows show a rich molecular emission characterized by small (d <  0.1 pc), 
low velocity (v < 10km s -1 ) clumps. The aim of this thesis is to investigate 
the origin and the nature  of the low velocity molecular clumps by the use 
of a chemical model th a t simulates the clump form ation and its subsequent 
interaction w ith the outflow, coupled w ith a radiative transfer model th a t 
reproduces the line profile for a  direct comparison w ith the observations.
Different scenarios for the form ation of the clumps have been investigated 
within a  large range of physical conditions. The models have been compared 
with single dish observations of the clumps observed along the CB3 and LI 157 
outflows. T he best models are those where the clump is formed, a t least 
partially, before the  advent of the outflow; with the advent of the outflow the 
clump undergoes a short period of non-dissociative shock and the consequent 
release of the  icy m antle, together w ith the high tem perature  chemistry, leads 
to  the observed chemical enrichment.
The s tructu re  of the molecular gas has also been investigated with high 
spatial resolution observations carried out w ith the P lateau  de Bure Interfer­
ometer. The interferom etric d a ta  confirm the results of the previous analysis: 
w hat is seen as a single molecular clump with size <  0.1  pc by the single dish 
telescope when observed a t high resolution is in fact a complex structure  with 
sub-clum ps of the order of 0 .0 2  pc different bo th  in the  physical conditions 
and their chemical composition.
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C hapter 1 
Introduction
1.1 Overview
Stars form in the dense cores of molecular clouds by the gravitational collapse 
of m atter on a central accreting object. The dense envelope th a t surrounds the 
forming s tar prevents the possibility to  directly observe it. We can only see 
the external dusty envelope or the large, powerful bipolar outflow driven by 
the obscured protostar. These mainly em it a t infrared and millimetre wave­
lengths, a spectral range th a t is largely not accessible from the ground due to 
atm ospheric absorption. Direct observations of s tar form ation processes have 
become possible only in the last decades of the last century when the first near- 
infrared telescopes were built and the first infrared satellite (IRAS) was put 
in orbit. Since then  a theory of the s tar form ation process has been developed 
for isolated, low-m ass stars. However, despite the enormous progresses done 
in the last few years, some of the most basic questions are still unanswered. 
In particular, the  very early phases of s tar form ation when bo th  the infall and 
outflow processes are activated, are still poorly understood.
The project I carry out during my PhD  deals w ith the study of chemically 
rich outflows. Outflows have a key role in the s tar form ation process since they 
are the mechanism through which the accreting p ro tostar loses the exceeding 
angular m om entum  and they plays a m ajor role in stopping the gravitational 
collapse and fixing the final mass of the forming star.
The aim of this thesis is to  develop a detailed physical and chemical model
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to investigate the origin and the nature of the low-velocity, chemically rich 
molecular clumps associated w ith some low- and interm ediate mass protostel- 
lar objects. I will use a chemical model to sim ulate the clump form ation and its 
interaction w ith the outflow. The aim is to  determ ine w hether those clumps 
are a direct consequence of the presence of the outflow or if they are pre 
existing. The chemical model will then been coupled with a radiative transfer 
model th a t reproduces line profiles to directly compare w ith single dish and 
interferom etric observations. In particular, I will analyze the clumps along the 
two outflows CB3 and LI 157, for which extensive chemical investigation is on 
its way.
U nderstanding the nature  of these clumps may have wider implications 
than  ju s t constraining their origin: there is now strong evidence, both  obser­
vational and theoretical, th a t molecular clouds are clumpy on a scale of ~  0.01 
pc, and th a t most of these clumps dissipate, or are destroyed, on a timescale on 
the order of 106 yr (Falle & H artquist, 2002). These clumps are generally too 
small to  be detected in single dish studies, bu t they can be resolved in array 
telescope observations (e.g. M orata et al. 2003). If the pre-existing nature of 
the low velocity clumps observed along outflows is correct, they may indeed 
be a further evidence of the dum piness of dark molecular clouds.
The structure  of the thesis is as the follow. In this chapter I briefly de­
scribe the s tar formation process and the classification of Young Stellar O bjects 
(YSO). In particular, I focus on the description of outflows: how they are ob­
served, how the main physical param eters are derived, how they are driven, 
how their observational properties evolve w ith time. The m ain chemical pro­
cesses a t work in the  shocked medium of the outflows are presented and the 
small molecular clumps along the outflow lobes are described. In C hapter 2 
I present the chemical and the radiative transfer models used in the analysis. 
After a presentation of the  general characteristic of these models, I describe in 
detail the two codes th a t  are used: the UCL chemical model and the SMMOL 
radiative transfer model. In C hapter 3 the two scenarios for the clumps for­
m ation are described and molecular column densities are derived by use only 
of the chemical models. The results are compared w ith the column densities of 
molecular species observed w ith the IRAM-30m telescope in the clumps associ­
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ated with the CB3 and LI 157 outflows. A prelim inary characterization of the 
physical and chemical structure  of the clumps is then presented. In C hapter 
4 the chemical model is coupled with the radiative transfer model in order to 
derive theoretical line profiles th a t are compared directly w ith the observed 
lines. The detailed modelling of the S i clump along CB3 is presented and 
some conclusions about the structure and the form ation of the low velocity 
molecular clumps are derived. In C hapter 5 I present high spatial resolution 
observations of the B 1 clump along the LI 157 outflow carried out with the 
P lateau  de Bure interferometer. These observations allow to investigate the 
small -scale structu re  of the clumps and to verify the hypothesis about the 
substructures present in the size implied by the single dish observations used 
in the previous analysis. In C hapter 6 I present the work done as prepara­
tory science for the Herschel mission. Herschel is the European Space Agency 
far-infrared and sub-m illim etre satellite th a t will be launched in 2008. Three 
projects on star form ation where I have contributed are briefly described. In 
C hapter 7 the main conclusions are given and finally I describe the future work 
th a t will be done for the modelling of the interferom etric observations of the 
clumps in the LI 157 outflow.
1.2 How stars form
Star forms in G iant Molecular Clouds (GMCs). GMCs are condensations of gas 
and dust extended few tens of parsecs and located mainly along the galactic 
plane (Mizuno et al. 1994; Myers 1995). The distribution of m atter inside 
the GMC is highly non uniform. A lthough the m ean density is ~  102 cm -3 , 
about 10% of the gas is concentrated in small, dense cores w ith density ~  104 
cm -3  and size ~  0.1 pc (Benson &; Myers 1989; Jijina et al. 1999). The process 
th a t from the diffuse gas of the GMC leads to  the form ation of a collapsing 
core is still unknown. In a schematic view we know th a t the gravitational 
collapse s tarts  when the mass of the dense core is higher th an  a critical value 
called Jeans mass
M j  <x G - 3/2a V 1/2 (1.1)
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where G is the gravitational constant, p is the m ean density and a is the sound
For typical mass M  ~  104 105 M0  and size R  ~  5 20 pc, the free fall tim e
higher than  the observed s tar form ation rate of 2 -  3 M 0  y r -1  (Myers, 1991a). 
This simple consideration shows th a t other forces in addition to  gravity are 
acting in the GMC, delaying the collapse. Of the possible support mechanisms 
(rotation, magnetic field and turbulence), magnetic fields are believed to be 
the dom inant agents to  halt the collapse (McKee, 1999). In fact, the observed 
angular velocity of cloud cores is too small to  halt the collapse a t an early 
stage, while turbulence is believed to  decay on very short timescales (1 -2  free- 
fall tim es), thus being unable to  provide a long term  support to  clouds and 
cores.
In the molecular clouds conditions, the ionized com ponent is frozen to the 
magnetic field lines and cannot collapse w ithout dragging along the magnetic 
field, thus enhancing the magnetic pressure. At a certain stage, magnetic pres­
sure balances gravity and charged particles cannot collapse. Neutral species 
are coupled to  the ionized ones via collisions and thus are indirectly affected 
by the presence of a m agnetic field. In the direction parallel to  the magnetic 
lines, support against collapse can be provided by Alfven waves. For a given 
field strength , there exists a  critical mass above which the magnetic field is 
not able to  provide support against gravity:
Inside molecular clouds, the ionization fraction is m aintained only by cosmic 
rays and natural radioactivity, since the galactic ultraviolet radiation is en­
tirely absorbed in the outerm ost skin. As a result, the ionization fraction is 
very low (<10~7, Guellin et al. 1982; W ootten et al. 1982), and the ion-neutral
speed a = (kT / m )1//2. If only gravity is acting on the gas the typical tim e scale 
for the collapse in the GMC is the free-fall tim e
of the GMC is <  105 yr. If all molecular gas collapsed on such tim e scales then 
the ra te  of s tar form ation would be M* > 100 M0  y r-1 . This value is much
(1.3)
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collisions cannot completely prevent the neutral gas from drifting toward the 
core center. This process is called am bipolar diffusion (Mestel & Spitzer, 1956) 
and allows the cloud to contract up to the point when the central regions be­
come m agnetically supercritical and can collapse dynam ically (Nakano 1979; 
Lizano & Shu 1989). These inner regions are characterized by a density distri­
bution th a t closely resembles th a t of a singular isotherm al sphere (p ~  r~ 2). 
Once gravitational collapse starts, it quickly expands outw ard to encompass 
the entire core. Such inside out collapse of a singular isotherm al sphere can 
be com puted sem i-analytically (Shu, 1977) and the main results are th a t the 
collapse wave expands a t the sound speed a = ( k T / m ) 1^ 2, and th a t the average 
mass accretion ra te  onto the central object is given by
M  = me? /  G (1.4)
In the conditions typical of dense cores, M  has a numerical value of <  10-5  
M g y r - 1 .
Once the dense cores are formed, the conditions for gravitational collapse 
are more easily established. At this stage, however, the core ro tation  can no 
longer be neglected and it plays an im portant role in the future evolution. In 
fact, the collapsing m aterial has a specific angular m om entum  th a t does not 
allow a direct accretion onto the central protostar, bu t instead it accretes on 
a small circum stellar disk th a t quickly expands in tim e (M undy et al., 2000). 
However, in order to  reach the central protostar, m atte r has to  lose the excess 
angular m om entum . This can be achieved in the accretion disk through a 
variety of processes: viscosity, MHD instabilities and ejection of m aterial in a 
wind. The first two processes allow angular m om entum  transfer to  the outer 
radii of the disk and a corresponding mass transpo rt tow ards the inner regions 
close to  the star. The last process removes angular m om entum  by ejecting 
out of the disk plane m atte r w ith high specific angular momentum, allowing 
m aterial w ith low angular momentum to move towards the inner regions. The 
violent ejection of m atte r along the ro tation axis give rise to  bipolar outflows 
(Richer et al., 2000).
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1.3 Classification o f pre-M ain  Sequence 
O bjects
During the first stages of star form ation the p ro tostar is deeply embedded in 
the molecular cloud and thus it is not directly observable. We can only see 
the light reprocessed from the dusty envelope. As the evolution continues, the 
combined action of the accretion along the disk and the ejection along the 
outflow disperses the circumstellar envelope and the s tar becomes visible first 
in the infrared and then in the optical with a spectrum  similar to th a t of a 
star with an excess a t infrared wavelengths due to  the protoplanetary disk.
The evolutionary s ta tu s of pre-M ain Sequence (PMS) objects can thus not 
be derived by directly observing the stellar radiation. On the other hand, it 
can be estim ated indirectly by observing the continuum, atom ic and molecular 
emission of the circum stellar envelope o r/an d  of the outflow. At the typical 
tem peratures of PMS objects (T =  30 -  80 K) the dust emission peaks in the 
far infrared (FIR) between 50 -  200  fim. The warm circum stellar envelope 
is predicted to  emit a rich FIR  spectrum  (Ceccarelli et al., 1996) where the 
prom inent features are the water and carbon monoxide ro tational lines and 
the atom ic oxygen fine structure  lines. Since most of the emission falls in the 
FIR  (inaccessible from the ground), observations of PMS objects is a recent 
branch of astronomy, mainly linked to the advent of infrared telescopes such 
as IRAS and ISO (Infrared Space Observatory).
So far, the m ethods commonly used to  classify PMS objects have been 
mainly based on the characterization of the shape of their spectral energy 
distribution (SED) a t near and mid infrared wavelengths through the value of 
the spectral index
_  dLog(vF„)
dv  ^
Lada h  W ilking (1984) first classified low-mass protostellar objects considering 
three different classes defined by the value of a  in the range 2 - 1 0  fim (then 
extended to  25 /rm w ith the IRAS mission). This classification was followed 
by the work of Adam s et al. (1987) who associated to  each class a different 
evolutionary stage. Successively Andre et al. (1993) introduced a new class 
of objects still younger than  the previous classes. The net result of all these
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works is the classification of low- mass PMS sources in four different classes 
(see Fig. 1.1); proceeding from the younger to  the older they are:
•  C lass 0: since they are visible only a t A >  10 /xm, the spectral index 
a cannot be derived. They are identified by the ratio  between the sub­
m illim etre (A > 350 /xm) and the bolometric luminosity TSubmm/£boi > 
5 x l0 ~ 3. They are newly formed protostars in the main accretion phase, 
when the mass of the central object is still less than  th a t of the cir­
cum stellar m aterial. The central source is completely obscured by the 
envelope. The spectrum  is th a t of gray body with tem perature ~  25 -  
35 K. Strong and collimated outflows are associated w ith these objects 
which have ages <  104 yr.
•  C la ss  I: w ith a  < 0 between 2 and 25 /xm. The spectrum  steeply 
increases in the mid infrared due to the optically thick envelope. They 
represent protostars in the final phase of accretion when the stellar winds 
are dispersing the circum stellar envelope bu t usually they are not yet 
visible in the optical. The outflows associated w ith this class is usually 
less collimated and less energetic th an  those of Class 0. The typical age 
is between 105 and 106 yr.
•  C lass  II: w ith 0 < a  < 2 between 2 and 25 /xm. The spectrum  appears 
in the optical with an excess in the infrared due to  the circumstellar 
disk. The infrared excess has a power law shape which is modelled with 
a  passive disk spatially th in  and optically thick where the spectral index 
depends on the therm al gradient. They are identified w ith the low-mass 
classical T  Tauri stars and the interm ediate-m ass Herbig A e/Be stars. 
The typical age is between 106 and 107 yr.
•  C lass  III: w ith a  >  2 between 2 and 25 /xm. The spectrum  is th a t of a 
black body w ith a weak infrared excess due to  the residual circumstellar 
m aterial. These objects are approaching the Main Sequence and do not 
have an accretion disk or have only an optically th in  disk. They are 
identified w ith the Weak T  Tauri stars (W TT) and have typical age of 
>  107 yr.
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Figure 1 .1: A scheme of the classification of the low-mass PMS objects, 
adapted from the original figure of Andre (1994).
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1.4 High mass star form ation
The scenario depicted in the previous sections dot's apply only to low mass 
stars. For stars with mass M  > 8 M,.,, the time scale of the accretion is longer 
than  the time scale of the contraction so tha t they s ta rts  to burn hydrogen in 
their core while they are still accreting. At this stage the radiation pressure 
becomes stronger than  the gravity and accretion is stopped. This means th a t 
in the classical inside out theory developed for low mass stars, massive' stars 
could not form.
Two different scenarios have been proposed for high mass star formation. In 
the first scenario massive stars are formed by the coalescence of low mass stars 
(Bonnell Sz Bate, 2002). In the second one high mass stars form by accretion 
as low mass stars (Behren & Maeder 2001; Yorke & Sonnhalter 2002; Tan & 
McKee 2002) but w ith mass accretion rates of a couple of orders of m agnitude 
higher (M  ~  10-5  10_lS M . yr ‘) than  the ones for low mass stars (Al ~  10-8
10“ 5 M . y r  ‘).
In the past there have been observational evidences in favour of both  mod­
els. However recently, observations of collimated outflows tightly associated 
with ro tating  circumstellar, Keplerian disks or circum stellar, massive toroids 
(Cesaroni et al. 2005; Beuther et al. 2 0 0 2b) as well as the development of 
models where the accretion through a disk or cavity eroded by the outflows 
leads to  high mass accretion rates (Krumholz et al., 2005), strongly support 
the hypothesis th a t high-m ass stars form through non-spherical accretion just 
as their low-mass counterparts do.
1.5 Outflows
In star form ation the gravitational accretion onto the central object is asso­
ciated w ith violent ejections of m atter along the ro tation  axis. The m aterial 
emerging from the pro tostar affects the surrounding molecular cloud, giving 
rise to  bipolar lobes of accelerated m aterial called outflows. Outflow have a key 
role in the s tar form ation process since they are the mechanism through which 
the accreting central object loses the exceeding angular momentum. Outflows
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haw  also a profound impact oil their surroundings. .Jets and winds create cav­
ities in the parent cloud, inject energy and momentum into the surrounding 
clouds which in absence of massive' stars may dominate' the gemeratiem of the* 
turbulence and cloud motions. The term inal shocks alse) elrive a high tem per­
ature chemistry, thereby altering the chemical cemiposition of the impacted 
me'elium. Outflows together with infall, contribute to disperse the parental 
molecular cloud, thus it is believed th a t it plays a m ajor role in stopping the 
gravitational collapse and probably in fixing the final mass of the central ob­
ject. The large size of the outflows (from 0.1 to few parsecs) makes them  easily 
detectable, unlike infall th a t occurs on small scales (few hundreds of AUs) and 
is difficult to observe. Outflows are therefore the first observable signs th a t a 
s tar is born.
The first evidences of high velocity molecular gas were discovered in the 
mid 70s by Zuckerman et al. (1976) and Kwan & Scoville (1976). They ob­
served broad CO lines towards Orion KL and OMC--1, respectively. In the 
80s more authors carried out system atic surveys of low mass protostars (Bally 
& Lada 1983; Edwards & Snell 1982; 1983; 1984) showing th a t outflows are 
ubiquitously present in YSOs since the earliest stage of the form ation process. 
Fig. 1.2 shows a typical molecular outflow in the Class 0 pro tostar HH211.
1.5.1 Tracers of outflows
Flows from protostars proceed at high supersonic velocities producing strong 
shocks, which compress, heat and drag the ambient medium. This, in turn , 
cools mainly radiatively through the emission from the gas excited a t different 
tem peratures. A large range of excitation conditions and a significant chemical 
differentiation are present along the lobes of the outflows th a t thus emit over 
a wide range of wavelengths, from the ultraviolet to the radio. To have a 
comprehensive view of the outflow phenomenon a sampling of all the large 
range of excitation conditions along the flow is necessary. The main tracers 
are:
•  12CO and 13CO pure rotational lines in the millimetre range. They trace 
low tem perature (~  10 K) components and probe the large scale outflow
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Figure 1.2: Bipolar molecular flow (top) and molecular je t (bottom) in the 
Class 0 source associated with HH211 (figure from Gueth Sz Guilloteau (1999)). 
The line contour plot shows the CO (2-1) emission (Gueth &; Guilloteau, 1999), 
while the color image (in H2 a t 2.12  jum) traces the warm shock-excited gas 
(McCaughrean et al., 1994). The top panel shows the CO (2-1) low velocity 
component (v < 1 0  km s-1 ) and the bottom  panel the high velocity component 
(v > 1 0  km s-1 ).
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morphology and dynamics. The most commonly observed lines are those 
coming from the lowest energy transitions (J = 1 0  and .1 =  2 1) which 
are used to estim ate the to ta l mass and energy of the outflow (see Sect. 
1 .5 .2 ). Molecular outflows traced by CO show a variety of shapes and 
sizes. Typical velocities an ' from few to tens of km s -1 .
•  H2 vibrational lines at excitation tem perature of ~  2000 K and optical 
UV ionic emission lines at excitation tem perature of 1()4 K. They probe 
directly the shock front caused by the interaction of the collimated jet 
with the ambient medium. Jet regions with a low visual extinction are 
usually traced in strong optical lines such as Ho, [01)6300, [SII]6731,6716 
and [NII]6583. More embedded je ts are best observed through near in­
frared H2 and [Fell] transitions. Typical velocities are from tens to hun­
dreds of km s_1.
• Emission at FIR wavelengths from warm gas with excitation tem pera­
tures of 200 2000 K. The FIR spectral range is not accessible from the 
ground and it has been explored for the first tim e by the spectrom e­
ters on board ISO revealing the presence of an interm ediate excited gas 
copiously em itting in the [OI], high J CO, H20 ,  OH lines.
•  Emission of millimetre transitions from molecular species whose abun­
dances are strongly enhanced by the shocks generated from the inter­
action between the supersonic flowing m aterial and the surrounding gas 
(e.g. SiO, H2S, CS, SO, CH3OH). These lines trace the molecular je t 
with tem perature  of ~  100 K and typical velocities are from few to tens 
km s-1 . However, in few cases, a series of aligned SiO structures with 
velocities up to  100  km s_1 are observed.
1.5.2 Physical param eters o f outflows
The best tracer to  study large- scale molecular outflows is carbon monoxide. It 
is an abundant molecule w ith a simple level structure (linear ro tator). More­
over, thanks to its low dipole moment, CO is easily excited and often therm al- 
ized. As the CO emission traces ambient gas swept up by the outflow over its
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lifetime, CO observations provide a time integrated picture of the outflow ac­
tivity. It is therefore a challenge to read the outflow history from the observed 
CO lines, and from there to infer the history of mass loss from the central 
YSO.
The observation of the two transitions between the lowest levels of 12C() and 
one of MCO allows the estim ate of the excitation tem perature and the opacity 
of the gas from which it is easy to calculate the column density. Considering the 
two 12CO transitions J =  1 () and J =  2 1 the ratio  7?i between the observed 
radiation tem perature is
R =  f n [ C t2(Ti2) -  h V2(TBG))(\ ~ eT")
' M h m(T0l) -  h m(TBa)](\ -  1 ' •*
where is the beam filling factor of the J =  j  i transition, T7J is the 
excitation tem perature, Tbg t-he tem perature of the microwave background, 
Vjj is the frequency of the transition, is the optical depth and
«*■> -  ( i . n
R\ is a function of the excitation tem perature and the line opacity, with a
different behaviour in the two extreme cases of an optically th in  or thick line. 
Assuming th a t /12 =  /01 and th a t the microwave background is negligible, in 
the optically th in  case Eq. 1.6 becomes:
Rl  =  4eh»n/kTu (Tm.Tn <  1 ) (1 .8 )
In the optically thick case Eq. 1.6 becomes:
ghvoi/kToi _ y
Rl =  2 ^ 2 / k f n  _  1 ( t o i . T ! 2 » 1 )  (1.9)
Fig. 1.3 shows the two expressions as a function of T12, assuming T12 =  T0i in 
the optically thick case. For optically thick emission, R\  approaches asymp­
totically a value of unity for high tem perature. For optically th in  emission, R 1 
approaches 4 for high tem peratures and it is less than  1 for low tem peratures 
(T < 8 K). Thus, a value of R\  higher than  one is the signature of optically 
th in  emission.
In the case of optically thick lines it is necessary to calculate the optical 
depth. The optical depth can be derived by using the transition J =  1 0
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Figure 1.3: Plot of R\ versus excitation tem perature for the optically thin (con­
tinuum line) and the optically thick (dashed line) cases (figure from Levreault 
(1988)).
of 13CO. R 2 can be defined as the ratio between the radiation tem perature 
of the two transitions 12CO (1-0) and 13CO (1-0), analogous to R\.  Since 
we are dealing with the same transition in two closely similar molecules, the 
assumption of equal excitation is good. Assuming th a t the two beam filling 
factors are equal and tha t the ratio of the optical depth is simply the ratio of 
the abundances of the two molecules, R 2 assumes a simple expression in the 
two extreme cases. If both transitions are optically thin, then
X ( 12CO)
Ri = = 90 ( 1.10)X ( 13CO)
If the 12CO (1-0) is optically thick (the 13CO (1-0) is assumed always to be 
thin), then
Ro =
X ( 12C O ) / X ( 13CO) 90
(1 .1 1 )
r 01 7"01
Any value of R 2 th a t is significantly less than the abundance ratio of 12CO 
and 13CO is indicative of optically thick 12CO (1-0) emission. In reality the 
extreme cases are rare and Fig. 1.4 shows a more general diagnostic diagram
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Figure 1.4: Contours plot of R\  and R 2 as function of t i 2 and Tex. Solid 
contours are for R\ and dashed contours are for R 2 (figure from Levreault 
(1988)).
for the two ratios. W hat are plotted are contours of R\ and R 2 in the (ri2, Tex) 
plane under the assumption of equal beam filling factors and thermalization 
of the J =  0 , 1 , 2 levels of both 12CO and 13CO.
Once the excitation tem perature and the opacity of the gas have been de­
rived, it is easy to  calculate the column density and other physical parameters 
for outflows. For the 12CO (1-0) transition the CO column density is
(T +  0.93)
59/T) (1.12)
where the integration over the velocity (in km s-1) is done in the velocity range 
of the non-Gaussian line wings. If one knows the CO abundance with respect 
to H2, th a t for our galaxy is usually of the order of 2 .8 x l 0 -4  (Cardelli et al., 
1996), the to tal mass of the outflow can be derived:
where m n  is the proton mass and A  is the area of the outflow. Although the 
C O /H 2 ratio can be considered constant on large scale, it shows variations
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on smaller scales (Sonnentrucker et al. 2 0 0 2 , Shinn et al. 2004), hence the
assum ption of the standard  C O /H 2 ratio  can introduce an error in the estim ate
of the mass and of all the other physical param eters correlated to  it.
The CO transitions fall in the millimetre regime thus they can be easily 
spectroscopically resolved w ith the present telescopes. Knowing the velocity 
of the gas, the energetics of outflows can be derived summing the contribution 
over all the velocity channels (z). The momentum is
P  = ' £ M ivi (1.14)
i
the kinetic energy is
Ektn = T . l M iVf  (115)
i
If one defines the mean velocity using the mass as weight
„ _ Z t  M iVi< v >=  ^  . (1-16)
E* ^  K }
the dynamical age of the outflow can be derived as the ratio  between the size 
of the lobe and the mean velocity
R
t d y n  —  ^  v  ^
Finally, it is possible to  calculate the kinetic luminosity
Lkm =  ( 1 . 18)
Ldyn
and the m om entum  flux
F = - P  (1.19)
£d y n
Even if in principle it is possible to  derive all the above param eters, they suffer 
considerable uncertainties. First of all, it is not easy to  distinguish in the line 
profile the contribution of the outflow from th a t of the ambient component, 
which effectively means th a t one needs to  define the right velocity range for 
the integration. Also the dynamical age is only a rough estim ate of the age of 
the outflow. W hen clumps are present in the outflow, an alternative m ethod 
to  derive the age is to  consider the ratio  between the distance of the clumps 
and their velocity, assuming th a t the clumps are generated by episodic mass
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loss of the central object, and th a t they travelled along the outflow till their 
present location. The biggest source of error comes from the difficulty to  
correctly derive the inclination angle of the outflow; this inform ation is needed 
to correct the observed velocity along the line of sight and derive the true 
velocity. The inclination angle is usually estim ated by eye from the CO map 
and thus it is highly uncertain. Another approach is to model the shape and 
the velocity field of the outflow lobes to  obtain synthetic maps for comparison 
w ith the observations (C abrit & B ertout, 1986). The m agnitude of the error 
depends on the inclination of the outflow. If the outflow is mainly along 
the line of sight the correction for the velocity is small, since the velocity is 
inversely proportional to  the sine of the inclination angle, while if the outflow 
is perpendicular to  the line of sight the correction is larger.
1.5.3 An em pirical outflow  evolutionary sequence
In more then 20 years of investigations on outflows different characteristics 
have been discovered and a ttem pts were made to  classify the outflows on the 
basis of their observational properties. The first a ttem p t used morphology 
(e.g. Bachiller & Tafalla 1988) and it was based on the collimation factor 
defined as the ratio  between the m ajor and the minor axes of the flow. Two 
classes were defined: the “classical” outflows th a t have a low collimation factor 
and the “high collimated” outflows with a high collimation factor. A more 
recent approach tries to  explain the observational differences in the frame of 
an evolutionary sequence.
Outflows from Class 0 YSOs appear highly collimated (the prototypes are 
HH211 (G ueth &; Guilloteau, 1999) and L1448 (Bachiller et al., 1990)), while 
outflows from Class I objects tend to  be much less collimated. This suggests 
th a t molecular outflows lose part of their collimation as they evolve, starting  
as highly collimated bipolar systems and changing to  classical outflows, losing 
an appreciable p a rt of collimation. Outflow decollimation seems accompanied 
by the opening of a  cavity in the parent cloud. In Class 0 outflows the cavity 
is narrow and has straight walls (e.g. LI 157, G ueth et al. 1996) while in 
Class I outflows (e.g. LI 151, M oriarty-Schieven & Snell 1988) the cavity is 
broader (~  90 deg) and has almost parabolic walls. This is consistent with
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the view of the outflow eroding the parent cloud and opening a broader and 
broader channel as time passes. Another possibility is th a t the je t component 
dom inates the early times while in a la tte r stage a wider angle wind component 
appears, perhaps because a central channel along the outflow has been opened. 
However, very recent results, based on high spatial resolution interferometric 
observations, show th a t both  a high velocity je t and a broad low velocity cavity 
can be simultaneously present also in very young outflows (Santiago-Garcia et 
al., 2006a).
Differences have been seen in the kinematic of the outflows. Class 0 outflows 
have an extremely high velocity (up to  ~  100  km s_1) gas along the axis, often 
in form of small condensation called molecular “bullets” . This high velocity 
component is absent in more evolved outflows. The distribution of outflow 
wing intensity with velocity for a sample of 6 outflows (see Fig. 1.5) shows 
th a t all outflows have similar slopes a t low velocities, w ith an average slope 
value of about -1.5. At higher velocities the slope of the d istribution changes, 
becoming steeper and reaching values of the order of -4. The break point shifts 
to  lower velocity as the age of the outflow increases (from ~  30 km s -1  in L1448 
to  ~  6 km s -1  in Mon R2). This means th a t as the outflow evolves, the am ount 
of high velocity gas decreases. Also the energy of outflows decreases w ith tim e 
as testified by the correlation between the momentum flux and the am ount of 
circum stellar mass, as traced by the millimetre flux (Saraceno et al., 1996). 
As the circumstellar m atter is likely an indicator of age (mass decreases as age 
increases) the correlation suggests again th a t the outflow power decreases with 
time.
The change in the properties of outflows is not only observed a t millimetre 
wavelengths bu t also in the FIR  range. The observations carried out with the 
Long W avelength Spectrom eter (45 -  197 fim) on board ISO showed th a t the 
FIR  luminosity due to  the molecular emission (CO, H2O, OH) is on average 
greater in Class 0  th an  in Class I sources, while the luminosity due to  atomic 
lines ([OI]) is fairly constant in the two classes (Nisini et al., 2002). This 
result is interpreted in term s of an evolution in the modality of the interaction 
between the protostellar outflow and the circumstellar environment, w ith an 
increasing influence of the progressively less shielded interstellar FUV field.
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Figure 1.5: Log-Log brightness distribution with velocity for a series of outflows 
of different ages. D ata from different authors compiled by Tafalla (1993).
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During the Class 0 phase the im pact of energetic flows with the environment 
gives rise to strong non-dissociative shocks (C -type shock, see Sect. 1.5.6) 
copiously em itting in molecular transitions, while during the Class I phase 
such im pact produce less energetic shocks able to dissociate molecules (J-ty p e  
shock, see Sect. 1.5.6). The trend of decreasing molecular emission is present 
also in Class II objects, indeed in Herbig A e/Be stars the molecular emission 
is observed in rare cases and always only in the form of CO and OH (Giannini 
et al., 1999), indicating the dom inant role of the unshielded FUV field from 
the central object th a t dissociates the H20  to  produce OH.
In summary, an empirical evolutionary sequence is the following:
•  F irst sta g e  (prototype L1448). The molecular outflow is highly colli­
mated, almost jet-like, w ith a large fraction of extremely high velocity 
gas. Molecular bullets appear w ith extreme high velocities. The lumi­
nosity in the F IR  due to  the molecular component is high. SiO and H20  
abundances are increased by a large factor (up to  104) w ith respect to 
quiescent gas which indicates strong shocks. The powering source is a 
deeply embedded YSO not visible in the NIR (Class 0).
•  S econ d  sta g e  (prototype LI 157). The outflow appears less collimated 
and its term inal velocity is lower than  in the previous phase. There is no 
evidence for high velocity bullets bu t the millimetre maps show regions 
with a large am ount of warm (~  100 K) gas condensed in small clumps 
w ith velocities of a few km s -1  and the molecular emission in the FIR  
is still high. A few molecules have enhanced chemical abundances. The 
exciting source is still invisible in the NIR (Class 0).
•  T h ird  s ta g e  (prototype L1551). The system atic decrease of collimation 
and term inal velocity continues. Clear shell structures surrounding an 
evacuated cavity w ith a reflection nebula appear. O ptical Herbig-Haro 
objects are visible and no chemical anomalies are present. The molecular 
emission in the F IR  is almost absent. O ptical je ts appear, with sizes up 
to  a few pc. The exciting source is a  Class I object.
In more evolved objects, such as Class II, the molecular outflow and the 
radio je t are rarely present while optical je ts are observed (H irth et al., 1997).
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In fact, a t this stage the circum stellar envelope has been dispersed and the 
initial part of the outflow becomes visible in the optical. Recent results on T 
Tauri objects show atomic micro je ts in the form of a sequence of knots with 
spacing of the order of 500 AU (e.g. Dougados et al. 2000, Lavalley Fouquet 
et al. 2000). More distant, faint knots are sometimes detected out to  0.1 pc, 
bu t no parsec-scale jets have been identified a t this evolutionary stage. Obser­
vations w ith the Space Telescope Imaging Spectrograph on board the Hubble 
Space Telescope (HST) show th a t the initial part of the jet, a t 0.2 -  0.3 arcsec 
from the source, is ro tating  in the region where the je t has been collimated 
but has not yet interacted w ith the environment (Coffey et al., 2004). The 
zone a t the base of the outflow, where the je t is launched, has a size of the 
order of a few hundreds of AU, th a t requires sub-arcsecond spatial resolution 
in order to  be resolved. Up to  now this has been possible only in the optical 
with adaptive optics, integral field spectroscopy and HST. The extension of 
such kind of study to younger objects requires a  next generation very high 
resolution imaging spectrom eter a t IR wavelengths, where the extinction is 
reduced, in order to  be able to  trace the most inner and embedded part of the 
young protostars.
Although an empirical tim e sequence has been defined, understanding how 
outflows evolve, and how their observed properties depend on the age of the 
associated protostar is still one of the open point of the m odern astronomy. In 
fact, very recent results query the evolutionary sequence proposed in the 90s, 
proposing a new vision based on the chemical properties of outflows (Santiago- 
G arcia et al., 2006b).
1.5.4 M odels o f outflow acceleration
It is now clear th a t stellar jets, w ith speeds of 100 -  300 km s -1  and density of 
the order of 103 cm -3 , are responsible for accelerating much of the molecular 
gas in many of the youngest low-mass outflow systems. However, there is 
also good evidence for m om entum  being deposited into the flows by wind 
components w ith wider opening angles and this component becomes relatively 
more powerful as the flow ages. Indeed, je t-driven  models (Masson & Chernin 
1993; Raga & C abrit 1993) are able to  reproduce the shape of highly collimated
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outflows and the mass distribution, while w ind-driven models (Shu et al., 1991) 
are able to reproduce the shape of the classical outflows.
The m om entum  of the outflows, as estim ated by CO observations, is typi­
cally a factor of 100  higher than  the radiation pressure given by the bolometric 
luminosity of the central star (e.g. Lada 1985), which rules out radiative pres­
sure as the acceleration mechanism of the outflows. On the contrary, the cor­
relation between the m omentum flux and the am ount of circum stellar mass, 
as traced by the millimetre flux (Saraceno et al., 1996), suggests th a t the 
circumstellar envelope an d /o r the disk play a direct role in accelerating the 
outflows.
Different models have been developed proposing quite a number of efficient 
accretion-powered wind mechanisms from the stellar surface, disk or disk- 
magnetosphere boundary. The most efficient models use a strong magnetic 
field in the star or disk to  drive the wind and to  carry off angular m omentum 
from the accreting gas. This wind is further collimated by magnetic or hy­
drodynam ic processes (e.g. Mellema & Adam 1997), generating a high Mach 
number wind or je t with a speed of the order of 200 -  800 km s -1 . Centrifu- 
gally driven winds from disks threaded by open magnetic field lines provide 
the most efficient way of tapping the gravitational potential energy liberated 
in the accretion process to  power the outflow. The fact th a t such winds au­
tom atically carry away angular m omentum and thus facilitate (and possibly 
even control) the accretion process make them  an attractive  explanation for 
the ubiquity of the jets in YSOs. Such outflows are indeed easy to  produce 
and m aintain under a variety of surface boundary conditions. Numerical sim­
ulations have also verified the ability of such outflows to  self-collimate and 
give rise to  narrow jets, as well as a variety of other characteristics th a t are 
consistent w ith YSO observations. In these models only a small fraction of the 
accretion flow is ejected in the wind. A different scenario (Fiege & Henriksen, 
1996) is th a t molecular flows are not predom inantly swept up by an underlying 
wind bu t represent infalling gas th a t has been deflected into polar stream s by 
magnetic forces. Only a  small fraction of the infalling gas actually reaches the 
star to  produce accretion luminosity and the outflow mass ra te  is higher than  
the infall mass rate. This scenario has been invoked in particular to  explain
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Figure 1.6: Outflow parameters correlations (figure from Beuther et al. 2002a): 
a) mechanical force versus core mass from 1.2 mm dust emission, b) Mechanical 
force versus bolometric luminosity. The dots are the objects from the sample of 
Beuther et al. (2002a), the open triangles are the sources a t the near kinematic 
distance and the filled triangles are the sources a t the far kinematic distance. 
The pentagons show data  from Bontemps et al. (1996) and the squares are 
from Cabrit &; Bertout (1992). Open squares and pentagons represent Class I 
sources and filled symbols Class 0 sources.
the large flow masses observed in flows from luminous sources.
1.5.5 Outflows from  high m ass stars
The scenario depicted above is valid for outflows generated by low mass pro­
tostars. The scenario of outflows powered by high-mass protostars, however, 
is less clear because of the intrinsic difficulties in observing these fast evolving 
and distant objects with a suitable resolution. Systematic studies a t low angu­
lar resolution of the CO lines indicate tha t ~  80-90% of the observed massive 
star forming regions are associated with outflows (Zhang et al. 2001; Beuther 
et al. 2002a) and th a t massive outflows show physical characteristics similar to 
those of low-mass outflows. The correlation between the mechanical force and 
the mass of the millimetre core and with the bolometric luminosity is shown 
in Fig. 1.6 for both low and high mass outflows (Beuther et al., 2002a).
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While this may be statistically  correct for the relationship between the 
global flow energetics and the exciting source bolometric luminosity, it is not 
yet clear if the detailed properties of high mass flows are similar to  those of 
the lower-mass counterparts. In particular, high- mass flows generally appear 
to  be less collimated and more turbulent than  flows from low-mass objects. 
However, this property could be a consequence of the fact th a t single dish 
observations do not have enough spatial resolution to resolve the flows. Indeed, 
systems appearing as single low collimated outflow, when observed w ith a 
single dish telescope, tu rn  out to be composed by several collimated je ts when 
observed w ith the higher resolution of an interferometer (Beuther et al. 2002b; 
2003). Additionally, the fast moving, high excitation and highly collimated jet 
component usually observed in low-mass systems is much weaker or absent in 
high-m ass flows (Shepherd et al. 1997; Shepherd 2003). Im portan t differences 
in the physical structure  of the flows have also been observed a t millimetre 
wavelengths (Molinari et al., 2002). All these results suggest th a t simple scaling 
of low-mass flow models may not be applicable (Richer et al. 2000; Shepherd 
2003).
Understanding the characteristics of outflows associated w ith high mass 
protostars is im portant also for understanding the form ation of high-m ass 
stars. In fact, the similarity of low- and high-m ass outflows and the continuity 
of their physical param eters suggest th a t a similar mechanism is a t work in 
the form ation of low and high-m ass stars, supporting the accretion models 
for high-m ass s tar formation. On the other hand, the existence of multiple 
outflows seems to  support the coalescence scenario. A more extended statistical 
study a t very high resolution of high-m ass outflows is needed to  answer this 
question.
1.5.6 T he chem istry of outflows
The propagation of supersonic flows within molecular clouds produces strong 
shock waves th a t compress and heat the gas, triggering chemical reactions th a t 
do not operate in quiescent environments. In addition, shock processing of the 
dust grains results in the injection of atom s and molecules in the gas phase. 
Thus the gas in the outflows shows a peculiar chemical composition. Table 1.1
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Table 1.1: Comparison between chemical abundances in cold clouds and
shocked outflows.
Molecule Cold Cloud abundance Outflow abundance Ref.
h 2o K T 7MO" 8 i o - 5- i o ~4 1,2
SiO < io - 12 i o - 10- i o - 6 3,4
SO ~  1(T 9 ~  1(T 7 5
CH3OH ~  1(T 9 ~  1(T 7 5
n h 3 ~  1(T 8 ~  1(T 6 6
HCN ~  1(T 8 ~  1(T 7 5
References: 1 Snell et al. (2000), 2 Giannini et al. (2001), 3 Codella et al. 
(1999a), 4 M artin-P fntado  et al. (1992), 5 Bachiller & Perez-G utierrez (1997), 
6 Tafalla & Bachiller (1995).
lists the typical abundance of several molecules in cold clouds and in shocked 
outflow regions.
Detection of molecular lines provides a useful tool not only to  study the 
chemistry of outflows but also for estim ating the physical conditions of the 
shocked component. Moreover, the cooling times of the shocked region are 
short, making the chemistry strongly tim e dependent so th a t the relative 
abundance of molecules can be used as chemical clocks to  infer the age of 
the outflows. In particular, the sulphur-bearing species have been extensively 
used as chemical clocks in shocked sites such as outflows and hot cores (e.g. 
Charnley 1997; Wakelam et al. 2004; Codella et al. 2005).
During the interaction between the supersonic je t and the surrounding 
molecular cloud two types of shocks can occur: J - ty p e  (e.g. Hollenbach & 
McKee 1979) and C -type  shocks (e.g. Draine et al. 1983). In J-ty p e  shocks 
there is a discontinuity in the physical param eters of the gas immediately 
behind the shock front: density, tem perature and velocity jum p to drastically 
higher values in the post shock gas. In C -type shocks, occurring a t low velocity 
and m oderate to  low ionization, the physical param eters increase continuously
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across the shock front. In J -ty p e  shocks the tem perature reaches values as high 
as 105 K in the shock front so th a t the molecules are dissociated. However, 
when the gas cools the molecules reform and refractory elements (e.g. Si and 
Fe) are injected in the gas phase by therm al sputtering from the dust grains. 
The first molecule th a t reforms is H2 , which interacts w ith oxygen to  produce 
the most im portant coolants: OH, H2O, and CO. OH and H20  are formed by 
the sequence:
O +  H2 -> OH +  H 
OH +  H2 -> H20  +  H
Carbon monoxide is formed predom inantly by reaction of C + with OH
C + +  OH —► CO +  H+
The very chemically active OH radical is crucial also for the chemistry of 
sulphur, nitrogen and silicon. W hen OH reacts with sulphur, SO is formed
S +  OH -> SO +  H
Sulphur oxide is slowly converted to  sulphur dioxide in a reaction w ith OH
SO +  OH —> S 0 2 +  H
W hen OH reacts w ith nitrogen, NO is formed
N +  OH —> NO +  H
Nitric oxide can reacts with atomic carbon to  produce cyanogen
NO +  C —> CN +  O
which may reacts w ith molecular hydrogen to form HCN
CN +  H2 —> HCN +  H
Finally, the reaction of OH with silicon produces SiO
Si +  OH -> SiO +  H
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These reactions are endotherm ic and can be activated also in C shocks in the 
thick gas layer where the tem perature is increased to  m oderate values (~  2000 
K) and the molecules are preserved. Additionally, in C shocks nom therm al 
sputtering due to  dust molecule or d u st-dust collisions results in the injection 
of refractory and volatile species, mainly from grain mantles, into the gas 
phase.
In bo th  J -  and C -type shocks, moving away from the shock front, the 
gas cools down; hence reactions with high energy barriers will not operate 
and the chemistry is dom inated again by the usual low -tem perature reactions. 
Depletion of molecules onto the dust grains starts  again to  be im portant, re­
ducing the abundance of some of the newly formed molecules. Nevertheless, 
the chemical composition of both  the gas and the solid phase remains altered, 
maintaining a record of the passage of the shock wave. Chem istry is thus a 
powerful tool to trace the history of the shocked m aterial and infer the age of 
outflows.
The chemical effects of shocks are better studied in outflows from Class 0 
sources because these are particularly energetic and highly collimated. Large 
spectral surveys a t millimetre wavelengths have been carried out in some out­
flows: NGC1333-IRAS4 (Blake et al., 1995), NGC1333-IRAS2 (Langer et al. 
1996; Bachiller et al. 1998), LI 157 (Bachiller et al., 2001), CB3 (Codella & 
Bachiller, 1999b), BHR71 (Bourke et al., 1997), CB34 (Codella et al., 2 0 0 2 ). 
These outflows have a millimetre spectrum  particularly rich in molecular emis­
sion and the fractional abundance of molecules such as SO, SO2 , SiO, CH3OH, 
etc. are significantly enhanced (up to  a factor of 104) w ith respect to the 
quiescent gas (see Table 1.1).
1.5.7 M olecular clum ps along outflows
Small molecular clumps are often detected in association w ith outflows from 
low- and interm ediate-m ass protostars. In fact, two main kinds of clumps 
have been observed. The first type is the high-velocity clumps, the so-called 
molecular bullets, th a t are well defined entities travelling a t velocities larger 
than  100 km s-1 . These bullets are observed in SiO in the lobes of the LI 148 
outflow (Bachiller et al., 1991), where they appear in pairs w ith the members
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of a pair being symmetric in both  position and velocity w ith respect to the 
star. These bullets are most likely associated with bow shocks formed by the 
outflow propagation (e.g. D utrey et al. 1997). The molecular lines em itted by 
this kind of clumps are relatively weak, so their chemical composition remains 
unknown. The second type is the low velocity clumps, w ith dimensions not 
exceeding 0.1 pc and velocity of few km s -1 with respect to  the vlsr • These 
molecular clumps are characterized by a rich molecular emission from species 
(e.g. SO, SO2, CH3OH) usually unobserved along outflows. An example of 
such clumps can be found along the LI 157 and CB3 outflows (Codella & 
Bachiller 1999b; Bachiller et al. 2001).
The origin of the low velocity clumps is not yet clear. Usually, these clumps 
are detected in pairs in the two lobes of the outflows in a  quasi-sym m etric 
position w ith respect to  the central object. Hence, it is traditionally  believed 
th a t these low velocity clumps are generated by episodic mass loss of the 
forming object. On the other hand, it may also be th a t, if the ISM is clumpy 
down to scales of ~  0.01 -  0.1 pc (e.g. M orata et al. 2003; Falle & H artquist 
2 0 0 2 ), the clumps themselves are pre-existing and th a t the effect of the outflow 
is only to  accelerate and shock them. Alternatively, it is possible, similarly to 
w hat is also suggested by Arce & Goodm an (2001), th a t the clumps originate 
much closer to  the source, in the envelope of the star, and then  are swept 
away by the outflows. Arce & Goodm an (2001) produced a model for the 
outflow driven by the young star IRAS 04239+2436 which appears very clumpy 
when observed in CO and 13CO. The clumps resulted to  be the product of 
the outflow sweeping up ambient gas ra ther than being pre-existing cloud 
clumps. However, their assumption is th a t the ambient gas is homogeneous, 
a t a density of ~  5 x l 0 3 cm-3 , and th a t the outflow will sweep-up a volume 
of ~  0.5 M0 , m aintaining the same density of pre-existing cloud m aterial so, 
effectively, from a chemical point of view, the clump is indeed pre-existing the 
outflow /star system as the final density was reached w ithout the intervention 
of the outflow. In this picture the morphology of the sw ept-up ambient gas 
and not its high density is a m anifestation of the episodic nature of the outflow.
An investigation of the origin and the structure of these low velocity, chem­
ically rich clumps observed along outflows has been carried out in this thesis.
C hapter 2
The chem ical and radiative  
transfer m odels
2.1 Chem ical m odelling
In the last decade chemistry has become a powerful investigative tool in the 
study of star formation. Indeed the form ation of dense molecular condensa­
tions and eventually stars, involves large changes in the physical properties of 
the atomic and molecular gas. These changes significantly affect the chemical 
composition of the gas and dust inside the forming cores/stars. In particular, 
as the density increases atom s and molecules in the gas phase collide w ith 
the dust grains w ith greater frequency and if they stick w ith any reasonable 
efficiency, they will deplete from the gas phase. Thus the density gradient 
th a t results from the core condensation is accompanied by chemical gradients, 
w ith the inner p a rts  of the core representing high density chem istry and the 
outer parts  representing the original low density composition. High spectral 
resolution observations of molecular emission are extrem ely useful also for ob­
taining inform ation on the kinematic inside molecular clouds. Finally, because 
chemistry controls critical physical processes in star form ation such as the 
fractional ionization and cooling of the gas, a detailed understanding of the 
chemical composition of the gas and dust surrounding young stars is im portant 
and interesting in its own right.
The development of sensitive continuum and heterodyne arrays probing
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the millimetre and sub -millimetre spectral ranges has led to  an explosion of 
observations of molecular species and a scenario has emerged for the main 
chemical processes th a t occur during star formation (van Dishoeck & Blake 
1998a and reference therein). In cold molecular cloud cores the chemistry is 
dom inated by low -tem perature, gas-phase, ion-molecule and neutral neutral 
reactions leading to  the form ation of small radicals and unsaturated  molecules 
(Rawlings et al. 1992; Ohashi et al. 1992; Suzuki et al. 1992; Howe et al. 
1996; P ra tap  et al. 1997). During the cold collapse phase, the density be­
comes so high th a t most molecules accrete onto the grains and form an ice 
mantle (Teixeira et al. 1998; Chiar et al. 1998). Here the chemistry can be 
actively modified by surface reactions and through processing by ultraviolet 
photon, X rays, and cosmic rays. After the new star has formed, its radiation 
heats up the surrounding gas and dust and the icy mantles begin to  evaporate 
into the gas phase (Ceccarelli et al., 1996). In addition, the outflows from 
the young star penetrate  the surrounding envelope, creating high tem perature 
shocks and lower tem perature turbulent regions in which the icy mantles and 
more refractory m aterial containing silicon can be returned to  the gas. These 
freshly evaporated molecules can then drive a rich and complex chemistry in 
the gas (see Sect. 1.5.6). Finally, the envelope is dispersed by winds and, in 
the case of massive stars, ultraviolet photons, leading to  the appearance of 
photon-dom inated regions (PDR). Each of the different phases is best probed 
by prototypical molecular species and in Fig. 2.1 the characteristic molecules 
in each phase are reported.
Many models have been developed since 1940s to  describe the chemistry 
in interstellar clouds (e.g. Millar & Nejad 1985; Bergin et al. 1995; Charnley 
et al. 2001; see van Dishoeck & Blake 1998a for a review). In the past, two 
different classes of chemical models can be found, i) The s teady-sta te , depth 
dependent models, in which the abundances of the molecules do not change 
with tim e bu t are functions of the depth into the region: e.g. models for dense 
ultraviolet pho ton - or X ray-dom inated regions near young stars (Hollenbach 
& Tilens, 1997). ii) The tim e-dependent, depth independent models, in which 
the abundances are com puted as a function of tim e a t a single position inside 
the cloud: e.g. models of dark p re-sta r forming clouds (Millar et al., 1991),
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Figure 2.1: A schematic view of the low-mass star formation. Characteristic 
molecular species a t each stage are shown (figure from van Dishoeck &; Blake 
(1998a).
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collapsing envelopes (Bergin & Langer, 1997) and hot cores (Charnley et al., 
1992). Recently, chemical models th a t take into to account both  the geometry 
and the tim e evolution have been developed (e.g. Viti et al. 2004).
Chemical models are based on databases listing the chemical reactions with 
their param eters. S tarting from the first, simple pure ion- molecule, gas-phase 
networks (e.g. Bates & Spitzer 1951; Herbst & Klemperer 1973), nowadays so­
phisticated networks are available, containing more then 4000 reactions among 
several hundred species, including gas-phase, gas-grain and grain-surface reac­
tions. The most famous chemical networks are the gas phase UMIST database 
for A strochem istry (Millar et al., 1997) (the last release, Rate05, contains 4566 
gas-phase reactions, 413 species and 12 elements) and the Ohio S tate Univer­
sity (OSU) database (4300 gas-phase reactions involving 430 species and 12 
elements plus gas-grain  reactions). Many authors compile personal databases 
collecting inform ation from different sources.
Many param eters are needed as inputs to  the models. They depend on the 
models, however the most common param eters are: (a) the initial chemical 
composition, usually a purely atomic (except for molecular Hydrogen) gas is 
assumed; (b) the prim ary cosmic-ray ionization rate; (c) the incident radiation 
field; (d) the density, as a function of position an d /o r time; (e) the tem pera­
tures of the gas and dust; (f) the geometry for the depth-dependent models 
or the visual extinction at the position in the cloud for the tim e-dependent 
models.
Another ingredient of chemical models is the coupling of the gas and grain 
chemistry (see H erbst et al. (2005) for a review of the chemistry on interstellar 
grains). The m antles can grow on a time scale shorter th an  the dynamical 
tim e scale of the molecular clouds and this leads to a substantial reduction of 
the gas-phase abundances of the C, N, O elements. The typical accretion time 
scale for a species X  is
tac = (Sx na2ndvx )~l (2 .1)
where Sx is the sticking coefficient and it is close to  unit for most species a t very 
low tem perature, vx  is the relative velocity of the species X  with respect to  the 
grains and 7ra2nd is the grain cross section per unit volume for a spherical grain 
of number density n^. Assuming the classical grain dimension, a = 1000 A and
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density, rid — 1-3 x l 0 ~127i / /2 cm -3  (Spitzer, 1978), and a sticking coefficient of 
unity, tac = 3 x 109n ^  Yr - In dense clouds, with n n 2 > 105 cm -3 , the accretion 
tim e scale becomes much shorter (<  104 yr) than  the collapse tim e scale. As 
expected from this simple consideration, observational results confirm th a t in a 
cloud th a t is collapsing to form a star many elements are depleted below their 
solar or cosmic abundances (Caselli et al. 1999; K ram er et al. 1999; Tafalla et 
al. 2004). However, in parallel to  the freeze-out, some mechanisms are a t work 
to  desorb or remove molecules from the grains and return  then to  the gas phase. 
Therm al evaporation is effective a t high tem peratures ( T  20 K), once the 
star has formed. Various other mechanisms have been proposed including 
spot heating due cosmic ray or X rays impacts and chemical desorption. The 
efficiency of these mechanisms depends strongly on the binding energy of the 
molecules on the grain surface. The grain chemistry is still not well understood 
and the current uncertainties regarding the surface reactions are the main 
source of error in chemical models
A proper theoretical treatm ent of the chemistry in star-form ing regions ide­
ally would benefit from the coupling of chemical models w ith multidimensional 
hydrodynamical models for all phases of the star form ation process, including 
the collapse phase, the disk formation, the development of the bipolar outflow 
and the dispersion of the envelope. Such complete chem ical-hydrodynam ical 
codes require an enormous am ount of com putational power, so many models 
make simplifications on either the chemical or the dynamical side.
2.1.1 T he UCL chemical m odel
The chemical model used in this work has been developed by Dr. Serena Viti. 
Since its origin (Viti & Williams, 1999a) the model has been applied to  a variety 
of astrophysical objects: e.g. clumps ahead of H erbig-H aro objects (Viti & 
Williams, 1999a), hot cores (Viti et al., 2001), low-mass star forming cores 
(Viti, N atarajan  &; W illiams, 2002), planetary nebulae (Redm an et al., 2003), 
high-redshift galaxies (L intott, 2005). All these applications are a modification 
of the basic model described by Viti & W illiams (1999a).
The chemical network is modified from the UMIST database RATE95 and 
includes 221 species involved in 3194 reactions (Millar et al., 1997). It in-
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Table 2.1: Initial gas phase elemental abundances with respect to the to tal 
number of hydrogen nuclei.
atom abundance
h 2 0.5
He 0.14
0 2.14 x lO -4
C 1.0 x lO -4
N 6.0 x lO -5
S 1.3 x lO -7
Mg 7 xlO -9
eludes both  the gas-phase and grain-surface chemistry. The surface reactions 
included are described by Viti &; W illiams (1999), and are briefly described 
as follows: it is assumed th a t all species th a t can be hydrogenated on dust 
grain surfaces will be fully saturated , e.g. oxygen atom s are converted to  H2O 
and carbon atom s to  CH4 , and retained on the surface. In addition, a small 
fraction of CO, 0 .0 1 % (as suggested by models such as those of Charnley et 
al. (1992)), is assumed to  be converted to m ethanol on the surfaces of grains. 
The version of the model used in this thesis is single-point; however we can 
deal w ith a more complex geometry by breaking down the analyzed region into 
different points.
The model is tim e dependent and it follows the chemical evolution of the 
object. Usually, the evolution is divided in two phases. Firstly, the object is 
formed by the gravitational collapse from a diffuse cloud. The initial chemical 
composition is assumed to be purely atomic, apart from half of the hydrogen 
assumed to  be molecular. The elemental atomic abundances are listed in Table 
2.1 (Sofia & Meyer, 2001). The collapse is treated  as a ‘modified free-fall’, as 
defined by Rawlings et al. (1992). The derivate of the density of the collapsing 
object w ith respect to  tim e is given by:
©  {247rG“ [© 1/3_1]}
where G is the gravitational constant, ra#  is the hydrogen mass and no the
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initial mass. The param eter B  may be thought of as a re tardation  factor which 
is <  1 if gas or magnetic pressure resists the collapse so th a t the collapse 
is slower than  free- fall and is equal to unity for free fall collapse. During 
the collapse phase, gas-phase chemistry and freeze-out onto dust grains with 
subsequent processing are assumed to occur. The collapse is term inated as the 
final density (treated  as a free param eter) is reached or a t a tim e (dependent 
on the density) a t which a certain fraction of the gas-phase species have frozen 
as ices on the dust grains. In the second phase the formed object interacts 
with the surrounding environment, for example the gas is subjected to a flux 
of cosmic rays or to  an external radiation field, or it undergoes a shock phase 
with a sudden rise of the tem perature.
The ou tpu t of the chemical model consists of the chemical abundances of 
all the considered species both  in the gas-phase and on the grain as a function 
of time.
2.2 R adiative transfer models
A number of sophisticated, non-local radiative transfer codes have been devel­
oped for the interpretation of molecular line emission (e.g. Bernes 1979; Juvela 
1997; Hogerheijde & van der Tak 2000; Ossenkopf et al. 2001). The applica­
tions of these codes range from protostellar environments to  the circumstellar 
envelopes of late type-stars.
The radiative transfer problem is represented by a differential equation 
describing the intensity I  along a photon path  ds, a t frequency v
d l  T , x
—  =  k -  el  2.3as
where k, is the emission coefficient and e is the absorption coefficient. Another 
way of w riting Eq. 2.3 is
£ = 5 - /  (2.4)
where d r  =  eds is the optical depth a t the frequency v and S  = n/e  is the 
source function and represents the emissivity of the medium per unit optical
depth. Eq. 2.4 can be w ritten  in the integral form, which is the form th a t is
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most often used in radiative transfer codes
H t ) — f  S(t ')ct ~Tdr  (2.5)
Jo
where r  is the optical depth between the point where I  is evaluated and spatial 
infinity along the line of sight. This integral is evaluated along all possible 
straight lines through the medium. In practice, this is a discrete sample of 
lines covering all directions as well as possible.
The emission and absorption coefficients are determined by the transition 
rates between the various levels and the population of these levels. For a 
transition from level i to level j  (where the energy of level i is greater then 
th a t of level j )  the emission and absorption coefficients are:
U { A i j  (2 .6 )
6-ij njBji  r i i B i j  (2.7)
where n* and n j  are the population density for the i and j  level and A i j ,  B j i  
and B i j  are the Einstein coefficients.
The source function for a particular transition Sij is independent on the 
velocity if one assumes complete frequency redistribution, i.e. the frequency 
deviation from line center of absorbed and em itted photons are uncorrelated. 
The source function then becomes
_  K i j  T l nAi - i  . .
Sij =  —  =  (2-8)
The relative level populations n* are determ ined from the statistical equilib­
rium  equation
^  ^[n j A j  j T ( ri j  B j  i Ti{ B j j ) Tji] ^ j T (n ^ B^j rij  B j  ^   ^[rij C j  j Tii C { j  ] — 0
j > i  j < i  j
(2.9)
where Cy is the collisional rate  coefficient and Jy  is the integrated mean in­
tensity over the line profile
Jij = ~  J  I„(fl)dQdv (2 .10)
where Q, represents the spatial direction in which the intensity I U(Q) is mea­
sured.
C H APTER 2. The chemical and radiative transfer models 52
lo
V
Eq. 2.5: Radiative transfer equation Eq. 2.10: Mean intensity calculation
A
Sv £v Jv
V
Eq. 2.7: ev calculation
Eq. 2.8: Source function calculation
Eq. 2.9: Statistical equilibrium eq
Figure 2.2: A Flow diagram of the molecular line radiative transfer problem 
(figure adapted from van Zadelhoff et al. (2002)). The arrows indicate the 
direction of the dependency of the equations. Several iterations are needed to 
calculate the true level populations.
Eqs. from 2.5 to 2.10 form a set of coupled equations. The way in which 
the quantities depend on each other is depicted in Fig. 2.2. The intensities are 
found by integrating the source function (Eq. 2.5). The source function and 
extinction coefficients depend on the level populations (Eqs. 2.6, 2.7). These in 
turn  depend on the intensities (Eqs. 2.9, 2.10). To solve this set of equations 
one must determine the radiation field and the level populations simultane­
ously. Since the radiation field couples the level population at different spatial 
positions to each other through the transfer integral (Eq. 2.3), the only way 
of solving the system directly is through complete linearization and solving a 
huge m atrix equation involving all level populations a t all spatial positions. In 
practice, the evaluation of the m atrix elements and the inversion of the prob­
lem consumes far too much CPU -tim e as well as memory and it is therefore 
beyond current computing capabilities. An alternative and much simpler way 
is to iteratively evaluate all equations, following the arrows as illustrated in 
Fig. 2 .2 . This method is called Lambda Iteration since the process of iteration 
can be mathematically w ritten into a formalism involving the Lambda Oper­
ator. The Lambda Operator acts on the source function to  generate the mean
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intensity:
J  = A[S] (2 .11)
It is a m atrix  operator connecting all points and all levels to each other. 
To solve the radiative transfer problem numerically, the problem has to be 
discretized both  in space and frequency and the initial level populations have 
to  be assumed. W ith these level populations, the Lam bda O perator is con­
structed by solving the radiative transfer for I  and J ,  which is inserted in Eq. 
2.9 to  calculate the new level populations. The procedure is repeated until 
the relative change in the level populations or mean intensities between two 
successive steps falls below a desired convergence criterion. Though simple, 
the principal disadvantage of the Lam bda Iteration m ethod is th a t it converges 
slowly a t high optical depth and it appears to  converge erroneously.
In order to  speed up the convergence the Approxim ated/A ccelerated Lam bda 
Iteration (ALI) m ethod has been developed (Scharmer &; Carlsson 1985; Ry- 
bicki & Hummer 1991). This m ethod is based on the definition of an approx­
im ated Lam bda O perator, A* so th a t
J  = A*[S] + ( A - A * ) [ S n] (2.12)
where S n is the source function a t the nth iteration. A good choice for A* is 
the diagonal part of the full Lam bda O perator.
A nother m ethod consists in the linear perturbation  of the radiation trans­
port equation and the mean intensity equation (Eqs. 2.4 and 2.10), neglecting
the second and higher order terms. The linearization greatly reduces the effect
of high optical depth  term s and allows rapid convergence. This m ethod, called 
MULTI has been developed by Carlsson (1986) and modified by Harper (1994) 
to  include spherical symmetry, S-MULTI.
The radiative transfer analysis requires accurate molecular da ta  in the 
form of energy levels, statistical weights and transition  frequencies as well 
as the spontaneous emission probabilities (Einstein coefficients) and the colli- 
sional ra te  coefficients. The JPL  catalog (Pickett et al., 1998), the HITRAN 
database (Rothm an et al., 2003) and the CDMS catalog (Muller et al., 2001) 
are the most famous databases where energy levels and transition strengths 
for a large number of molecular species are collected. The collisional rates
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are more difficult to calculate and in the literature they are usually found for 
low tem peratures and the lowest energy levels. The collisional rates for higher 
tem peratures and higher levels are usually calculated extrapolating the low 
tem perature data.
2.2.1 Spherical M ulti—M ol
The radiative transfer code used in this work is Spherical M ulti-M ol (SM- 
MOL) and it has been developed by Dr. J. Yates. The code has been already 
used to  model the molecular line emission of a variety of astronomical objects, 
e.g. infalling core (Rawlings & Yates, 2001) and the PD R  and shocked gas 
in the Orion KL cluster (Lerate et al., in preparation). The model has been 
successfully benchmarked with similar models (van Zadelhoff et al., 2002).
SMMOL is based on the S-MULTI Approxim ate A -iteration (ALI) m ethod 
and it solves multi-level non Local Therm odynam ic Equilibrium (LTE) radia­
tive transfer problem in both  molecular lines and the dust continuum. It 
includes an empirical dust model (Mathis, 1990) and converges quickly for the 
optically thick line center. As a first step the code calculates the to ta l radia­
tion field and the level populations assuming LTE and the interstellar radiation 
field as input continuum (Black, 1994). It then re-calculates the to ta l radi­
ation field, checks for convergence and repeats the process until convergence 
is achieved. The adopted convergence criterion is (n; — n*_i)/n*=10_4. The 
space is discretized in 50 points and a t each point the code generates the level 
populations and the line source functions. The emergent intensity distribu­
tions are then  convolved with the telescope beam, so th a t the model directly 
predicts the line profiles for a given source as observed w ith a given telescope.
The input param eters of the models are: (a) molecular da ta  including 
molecular mass, energy levels, transition frequencies, radiative rates and col­
lisional rates; (b) dust d a ta  including size distribution, opacity law etc.; (c) 
physical d a ta  describing the object to model. This includes the radial depen­
dency of the gas density, the fractional abundance of the molecule, the macro 
velocity, the m icroturbulent velocity and the gas (kinetic) and dust (thermal) 
tem peratures. The molecular da ta  needed for the calculation are taken from
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the LAM BDA1 public database (Schoier et al., 2005), except for the CH3OH A 
da ta  which we obtained from Prof. D. Flower (private communication).
1 http: /  /  www.strw.leidenuniv.nl/~moldata
Chapter 3
The chem ical m odelling o f the  
low velocity  m olecular clum ps 
along outflows
The work presented in this C hapter has been published in the paper by Viti 
et al. (2004). My m ajor contribution to this work is presented in Sect. 3.3.
3.1 The low velocity molecular clum ps in the  
CB3 and L1157 outflows
Most of the outflows are observable only in the low -J CO transitions. However, 
a few outflows, especially from Class 0 protostars, stand  out because of their 
emission from molecular species, such as CS, SO, CH3OH, SiO, etc., usually 
unobserved in classical outflows. In a few of these chemically rich outflows 
small molecular clumps (< 0 .1  pc) are detected along the lobes. These clumps 
are a t a relatively low velocity (v < 10 km s-1 ) w ith respect to the Vlsr and 
have a rich molecular emission spectrum. The clumps are usually observed in 
pairs in the two lobes; hence it is generally believed th a t the clumps observed in 
outflows are generated by episodic mass loss of the driving protostar. However, 
to  date, there is not a detailed modelling and understanding of the role of 
dum piness in outflows. The aim of this thesis is to investigate the origin and
56
C H APTER 3. The chemical modelling o f the molecular clumps 57
CB3 (CO 2 - 1 )
<D
CO
*4—
M—o
6
CDQ
5 0
- 5 0
4 0 20 0 - 2 0 - 4 0
R.A. O ffset (a rc se c )
Figure 3.1: CO (2- 1) map of the CB3 outflow (Codella private communica­
tion). Velocity intervals are form -58 to -40 km s -1  for the blue lobe (contin­
uous line) and from -37 to -27 km s-1  for the red lobe (dashed line). First 
contour is 4 K km s -1  and the contour spacing is 6 K km s-1 . The empty circle 
at the top right shows the IRAM beam (HPBW), while the black star stands 
for the coordinated of the 1-1300 pm  continuum emission source as measured 
by Launhardt Sz Henning (1997).
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Figure 3.2: CO (2-1) map of the LI 157 outflow (figure from Bachiller et al. 
(2001)). Velocity interval are form -20 to 2.7 km s-1  for the southern (blue) 
lobe and from 2.7 to 28 km s-1 for the northern (red) lobe. First contour and 
contour spacing are 11 K km s-1 . The white squares mark the position of the 
clumps and the star the position of the L1157-mm source.
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the nature of the low velocity molecular clumps detected along outflows by the 
use of a physical and chemical model th a t simulates the clump formation and 
its subsequent interaction with the outflow.
In particular, we concentrate on two outflows, CB3 and LI 157. CB3 is a 
Bok globule a t a distance of 2500 pc (Launhardt & Henning, 1997) associated 
w ith star formation. It hosts an interm ediate-m ass YSO driving a 4 M0 
outflow w ith a mechanical luminosity of 5.6 L0 . In Fig. 3.1 the integrated 
line wings m ap of the CO (2- 1) transition is shown. The outflow has been 
m apped w ith the IRAM 30-m  telescope in quite a number of species (Codella k  
Bachiller, 1999b) and four molecular clumps are identified along the main axis. 
The physical conditions derived in the four clumps are very similar (Codella 
k  Bachiller, 1999b) with density ~  5 x l0 5 -  106 cm -3 , kinetic tem perature ~  
100 K and size of the clump ~  0.12 pc.
The nearby L1157 outflow is associated with a  low-luminosity (11 L0 ) 
Class 0 s ta r a t a distance of 440 pc (Umemoto et al., 1992) and it is con­
sidered to  be the prototype of the chemically active outflows. It has been 
extensively m apped a t millimetre wavelengths (Bachiller et al., 2001), showing 
a rich molecular spectrum . The CO emission shows a clear bipolar structure 
(see Fig. 3.2) w ith six low velocity clumps located in the two lobes: three 
clumps are in the red lobe and three in the blue lobe. The best defined clump, 
called B l, is located in the blue lobe and it is has a density of ~  5x 1 0 s cm -3  
(Bachiller et al., 2001), a kinetic tem perature of 80 K (Tafalla k  Bachiller, 
1995), and a size ~  0.04 pc. The physical conditions derived for B l show th a t 
apart from its size it is similar to  the clumps along CB3.
3.2 The origin of molecular clum ps
To investigate the origin of the low velocity molecular clumps detected along 
outflows, we used a physical and chemical model th a t simulates the clump 
form ation and its interaction with the outflow. Two scenarios for the formation 
of the clumps have been investigated:
1. The clumps are pre-existing before the outflow. For example, they may 
be either the rem nant m aterial of the collapsing parent cloud or they may
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be completely independent from the s tar form ation process, bu t present 
homogeneously in the dark molecular cloud (e.g. Falle & H artquist 2 0 0 2 ; 
M orata et al. 2003; G arrod et al. 2005). In this scenario we observe these 
clumps in association with molecular outflows because, as the outflows 
travel through the molecular cloud, they interact w ith the clumps and 
shock them.
2 . The cloud m aterial is homogeneous and low in density but, as an episodic 
outflow forms, its interaction with this homogeneous m aterial will lead 
to a compression and increase in tem perature (with subsequent evapo­
ration of the grains mantles) in localized region only, hence the observed 
dum piness (e.g. Arce & Goodm an 2 0 0 1 ; 2002  and reference therein). 
In this scenario, the clumps are a direct m anifestation of the episodic 
natu re  of outflows.
Note th a t these two scenarios do not necessarily exclude each other: in 
fact, the morphology of the regions where outflows and je ts propagate have a 
very complicated geometry and structure by their very nature.
The chemical model used is the UCL model already presented in Sect. 
2 .2 .1 . As a reminder, the model is a tw o-phase calculation: phase I simulates 
the form ation of the clumps from diffuse gas and phase II simulates the effect 
of the outflow on the gas and dust. The model is tim e-dependent and evolves 
for about 106 yr in phase I and for 105 yr in phase II. In scenario 1 we have 
investigated both  a uniform and homogeneous clump and a clump with a 
density structure. In phase I the clump is formed by gravitational collapse 
from the diffuse gas within the molecular cloud. In phase II after the initial 
increase of the  tem perature to (~  100 K), the tem perature can remain constant 
or enter a  shocked phase with a higher tem perature T  ~  1000 K and then cools 
down to  100-200 K. In scenario 2, the outflow im pacts on a dark molecular 
cloud, of density ~ 1 0 4 cm-3 , and induces the formation of clumps. In this 
case we use phase I of the model to  simulate the form ation of the dark cloud, 
and phase II to  simulate the formation of the clumps due to  the im pact of 
the outflow. During phase II, the gas and dust tem peratures increase to  100 
K or the tem perature enters a shocked phase w ith a higher tem perature and
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Scenario 1 (pre-existing) Scenario 2 (clumps created in outflow)
Phase I (formation of clump)
I
Phase II (outflow / clump 
interaction)
Phase I (formation of dark cloud)
I
Phase II (formation of clump from 
dark cloud by flow impact)
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Figure 3.3: A flow diagram of the two scenarios as treated by the chemical 
model.
subsequent cooling.
In summary, four grids are considered:
• Grid A: a pre-existent clump at uniform single density warmed by the 
outflow.
• Grid B: a pre-existing clump with a density structure shocked by the 
outflow;
• Grid C: a pre-existing clump with a density structure warmed by the 
outflow;
• Grid D: a clump formed and warmed or shocked by the outflow impact;
In Fig. 3.3 a graphical scheme of the four grids is presented. For each grid 
different conditions are investigated, changing the model parameters within a 
reasonably large parameter space. To impose some constrains on the parame­
ters range, we adopted the physical parameters derived by Codella h  Bachiller 
(1999b) for the clumps observed along the CB3 outflow, namely a size for the
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final clump of 0.12 pc, a  final density of about 105 5 x l0 6 cm-3 , a final tem ­
perature of 100 -  200 K and an age of 105 yr (see Sect. 3.3.1).or retarded In 
Table 3.1 all the models and their main param eters are listed.
3.2.1 Scenario 1
In phase I of scenario 1 the clump is formed by gravitational collapse from 
the diffuse gas within the molecular cloud and it is halted when the final 
density is reached for each point. In the different models we vary the following 
param eters: (i) type of collapse, (ii) depletion efficiency, (iii) final density, and 
(iv) initial sulphur abundance.
The collapse is treated  as either free-fall or retarded, as described in Eq. 
2.2 (Rawlings et al., 1992). The depletion efficiency is determined by what 
fraction of the gas phase m aterial is frozen on to  the grains and undergoes hy­
drogenation. Several routes of hydrogenation for the most significant species 
(O, N, C, CO) have been explored. The freeze-out fraction is arranged by 
adjusting the grain surface area per unit volume, and assumes a sticking prob­
ability of unity for all species. The fraction of m aterial on grains is then 
dependent on the product of the sticking probability and the am ount of cross 
section provided per unit volume by the adopted grain size distribution. This 
product (FR  in our terminology) was varied so th a t a t the end of phase I, we 
would have different percentages of ices. Note th a t as the chemistry is tim e- 
dependent, different species form at different times and as a consequence the 
m aterial frozen out on the grains a t any one tim e is not representative of the 
whole gas bu t of selected species (in this case, we chose to  m onitor frozen CO). 
The final density is varied in the models from a lower limit of 105 cm -3  to  an 
upper limit of 5 x l0 6 cm -3 . The initial relative abundance of sulphur is very 
uncertain (e.g., Ruffle et al. 1999); we chose the solar value as an upper limit 
and a factor of hundred lower than  the solar value as a lower limit.
In this scenario we consider two possibilities: i) the clump has a  uniform 
single density, i.e. the chemical model is a single-point model (Grid A), or ii) 
the density w ithin the clump is not uniform so a density structure is present 
and the model is m ulti-point (grids B and C). In Grid B and C we adopted 
the density law derived by Tafalla et al. (2002) for starless cores
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Table 3.1: List of the models and their parameters: presence (Y) or absence 
(N) of non-dissociative shock, final density, final tem perature, percentage of 
freeze-out, initial sulphur abundance and other possible parameters th a t are 
different with respect to the other models, i.e. if the collapse is retarded 
(B = 0 .1) instead of free-fall (B = l), if all the H2CO is converted in CH3OH on 
ices and if the evaporation is time dependent (TD) instead of instantaneous. 
For Grid D models the density and tem perature axe the final ones (at t = 105
yr)-
model shock n(H2) 
105 (cm"3)
T
(K)
FR
(%)
X(S)
( io -7)
Note
Al N 1 210 15 130
A2 N 1 210 35 130 retarded collapse, B=0.1
A3 N 1 210 11 130 retarded collapse, B=0.1
A4 N 1 210 20 19
A5 N 10 210 20 130
A6 N 10 210 30 1.3
A7 N 10 210 55 1.3
A8 N 10 210 80 1.3
A9 N 50 210 25 130
B l Y 5-10 110 40 1.3
B2 Y 5-10 110 60 1.3
B3 Y 5-10 110 60 1.3 H2CO=^CH3OH
B4 Y 5-10 110 80 1.3 h 2c o =^c h 3o h
Cl N 5-10 110 40 1.3
C2 N 5-10 110 60 1.3
C3 N 5-10 110 60 1.3 H 2 C O = r > C H 3 O H ;  TD evap.
D1 N 5-10 110 20 1.3
D2 N 5-10 110 20 1.3
D3 N 5-10 110 20 1.3
D4 N 2.5-5 100 20 1.3
D5 N 5-10 110 20 1.3
D6 N 5-10 110 20 1.3
D7 N 5-10 110 20 1.3
D8 N 5-10 100 20 1.3
D9 N 5-10 110 20 1.3
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Figure 3.4: A schematic picture (not to scale) of the inhomogeneous clump 
modelled in Grids B, C and D. The chemical model is in 1-D , hence the 
chemistry is determined only along one symmetry axis. The geometry is then 
taken into consideration when estimating the column densities.
n(r) = n0/(  1 +  ( r / r ) 0)Q (3.1)
where rQ and n0 are the largest distance from the center of the core and 
the peak density, respectively, a  is the asymptotic power index and is taken 
to be ~  2.5 (see Table 2 in Tafalla et al. (2002)). The clump is divided into 
6 shells differing in density, visual extinction, and distance from the (future) 
outflow. Fig. 3.4 shows a simplified, not to scale, graphical representation of 
the clump/outflow system.
In phase II the arrival of the outflow is simulated in two ways: i) the clump 
undergoes a non-dissociative shock (Grid B) where the grains are evaporated 
and where the tem perature of the gas reaches 1000 K and stays at this temper­
ature for a short period of time (150 yr or so, as in Bergin et al. (1999)), after 
which the clump cools down to 100 K; ii) the gas and dust tem perature in­
creases up to 100 -  200 K (grids A and C) with a subsequent evaporation of the 
grains which occurs either instantaneously or via tim e-dependent evaporation 
(model C3), as in Viti & Williams (1999a).
Ad = 0.01 pc
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3.2.2 Scenario 2
Scenario 2 (Grid D) simulates the formation of molecular clumps along a molec­
ular outflow as a direct consequence of the impact of the outflow on a dark 
molecular cloud. We adopt the density structure of Eq. 3.1 for this scenario 
as well. Phase I simulates the formation of a dark core from a translucent 
medium (n = 100 or 500 cm -3 ) collapsing in free-fall until n=  104 cm -3  is 
reached. We chose the freeze-out param eter (FR) so th a t the abundances of 
key species a t the end of the collapse were consistent with observations of dark 
clouds (van Dishoeck, 1998b). In phase II we simulate the arrival of the out­
flow and the form ation of high density clumps w ith final density. We take as 
free param eters the outflow velocity and the initial distance of the dark cloud 
to the outflow. The models are listed in Table 3.2; the ranges of velocities 
and distances were determ ined by considerations of the values derived for CB3 
(Codella & Bachiller, 1999b). Note, however th a t a high velocity outflow at 
a too close initial distance to  the gas m aterial would not give the clump the 
tim e to  form and reach the high densities considered (models D2 , D3, D6 , D9). 
The density and tem perature vary in the following way:
n = rii(r/ri)~3/2 (3-2)
and
T{r) = To(r /rB) - 0A (3.3)
where r* is the initial distance, T0 is an estim ate of the hottest gas (~  100 
-  200 K) and rQ is the closest (final) distance between the outflow and each 
shell w ithin the clump th a t we are modelling, such th a t a t rQ = r, T{r) =  T0. 
The initial distance varies of course from shell to  shell; the distance between 
the edge of the clump (shell 1) and the outflow for each model is listed in 
Table 3.2. The tem perature varies with tim e (and therefore w ith distance) as 
in Eq. 3.3 (see Rowan-Robinson 1980 and Viti h  W illiams 1999b).
Model D1 was also run with the addition of a non-dissociative shock phase 
(with a tem perature of 1000 K for 100 yr, followed by cooling) during the 
formation of the clump, as in Grid B.
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Table 3.2: Model parameters for Grid D. The model number is listed in column 
1; column 2 and 3 are the velocity of the outflow and the initial distance 
between the cloud and the outflow, respectively.
Model Velocity
(km/s)
Ti
( Pc)
D1 2 0.1
D2 20 0.1
D3 100 0.1
D4 2 0.2
D5 20 0.2
D6 100 0.2
D7 2 0.4
D8 20 0.4
D9 100 0.4
3.3 C om parison betw een  m odels and observa­
tions
The outputs from the chemical models are the fractional abundances with 
respect to the total number of hydrogen atoms of all atoms and species at 
each time step and depth. In order to compare the models with the single 
dish observations of the low velocity clumps the column density is used. In 
the following subsections we report the methods used to evaluate the column 
densities both from the chemical model and from the observed transitions. 
The chemical model is in 1-D , hence the chemistry is determined only along 
one symmetry axis. The spherical geometry of the clumps is then taken into 
consideration when estimating the column densities.
3.3.1 O bserved colum n densities in CB3
The CB3 outflow has been mapped with the IRAM 30-m telescope in a number 
of species by Codella & Bachiller (1999b) and four molecular clumps were
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identified along the main axis: N1 with on offset with respect to the driving 
source of (0", +40"), N2 with offset (0", +10"), S2 w ith offset (0", -10") and 
SI w ith offset (0", -30"). The clumps are shown in the CO (2- 1) channel map 
(Fig. 3.5). Codella & Bachiller (1999b) derived the physical param eters of 
the gas by means of Large Velocity Gradient (LVG) or Local Therm odynam ic 
Equilibrium  (LTE) models. However, in their paper only mean values along 
the outflow are given. In order to  have more precise values we calculated 
the physical param eters of the gas a t the position of the 3 clumps: N2, S2 
and SI. N 1 is neglected because it is poorly defined. Codella & Bachiller 
(1999b) identified two main tem perature components, one at ~  20 K, and 
another a t ~  100 K. In order to  take into account this range of tem peratures, 
here we calculated the physical param eters using three reference values of the 
tem perature 20, 100 and 200 K.
SO and SiO have been observed in three lines so an LVG model has been 
used to  constrain the column densities as well as the kinetic tem peratures 
(Tidn) and the hydrogen densities (uh2). The best fit models indicate ?ih2 =  
( 3 - 8 )  x 105 cm -3  and T^n ~  100 -  200 K. For CH3OH a rotation diagram  
has been used to  estim ate the rotational tem perature T ~ 20  K and its column 
densities N(CH3 0 H) ~  3 x l 0 15 -  2 x l 0 16 cm -2  (Codella & Bachiller, 1999b). 
Gas density estimates have also been derived from the m ethanol emission p a t­
terns by measuring line intensity ratios, t t h ^  105 -  106 cm -3  (Bachiller et 
al., 1998). The values of the tem perature, H2 density and molecular column 
density are reported in Table 3.3. The column densities of the other molecules, 
observed in a single transition, have been estim ated by assuming the lines to  
be optically th in  and in LTE conditions. In this case the column density is 
given by the formula
) V .  1.67* 10 ,3.4)
where Q(Trot) is the partition  function, p  is the dipole momentum, v is the 
frequency, S  is the line strength and E  is the energy of the upper level of the 
transition. The standard  partition  functions have been used. We calculated 
the column density for the three reference tem peratures 20, 100 and 200 K. 
For the CO we consider only the case of the T =20 K because the line ratio
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Figure 3.5: Contour map of the CO (2-1) emission towards CB3 (figure from 
Codella &; Bachiller (1999b)). The star stands for the coordinated of the 1- 
1300 pm  continuum emission source as measured by Launhardt & Henning 
(1997), while the filled triangle is for the coordinates of the NIR source (Yun 
& Ckemens, 1995). The empty circle in the top right of the panel shows the 
IRAM beam (HPBW), while the small crosses mark the observed positions. 
Contours range from 0.75 to 75.75 K km s-1 by steps of 2.5 K km s-1 . The 
four clumps are indicated.
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Table 3.3: Physical parameters, i.e. column density, tem perature and H2 den­
sity derived in the three clumps of the CB3 outflow for SiO, SO and CH3OH. 
1.3(13) stands for 1 .3 x l0 13, this notation will be used for other tables of the 
thesis.
Molecule Peak N T n H2
(cm - 2 ) (K) 105 (cm-3)
SiO N2 1.3(13) 20 80
1.3(13) 100 6
11 1.3(13) 200 4
S2 1.1(13) 20 50
99 1.1(13) 100 8
11 1.1(13) 200 5
SI 1.7(13) 20 60
11 1.7(13) 100 5
11 1.7(13) 200 3
SO N2 2.3(14) 20 20
V 2.3(14) 100 4
11 2.3(14) 200 3
S2 9.3(13) 20 7
11 9.3(13) 100 3
11 9.3(13) 200 3
SI 1.4(14) 20 80
11 1.4(14) 100 8
11 1.4(14) 200 8
CH3OH N2 3.0(15) 19 10
S2 1.5(16) 16 10
SI 9.3(15) 19 1
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Table 3.4: Column densities derived by LTE calculations in the three clumps 
of the CB3 outflow.
Molecule Peak N T Molecule Peak N T
(cm"2) (K) (cm"2) (K)
CS N2 5.1(13) 20 H13CO+ N2 2.3(12) 20
99 1.4(14) 100 99 9.7(12) 100
99 2.8(14) 200 99 2.0(13) 200
S2 8.5(13) 20 S2 2.9(12) 20
99 2.4(14) 100 99 1.2(13) 100
99 4.7(14) 200 99 2.5(13) 200
SI 5.0(13) 20 SI < 2 .1(11) 20
99 1.4(14) 100 99 <8.9(11) 100
99 2.8(14) 200 99 < 1 .8 (12) 200
h 2s N2 5.9(13) 20 H2CO N2 2.6(14) 20
99 2.2(14) 100 99 5.9(14) 100
99 5.7(14) 200 99 1.4(15) 200
S2 5.0(13) 20 S2 3.2(14) 20
99 1.8(14) 100 99 7.2(14) 100
99 4.8(14) 200 99 1.8(15) 200
SI <2.3(12) 20 SI 1.7(14) 20
99 <8.4(12) 100 99 3.8(14) 100
99 <2.2(13) 200 99 9.5(14) 200
s o 2 N2 6.7(12) 20 CCS N2 <4.8(13) 20
99 5.9(14) 100 99 <6.7(12) 100
99 1.7(15) 200 99 <8.9(12) 200
S2 7.9(13) 20 S2 8.3(14) 20
99 6.9(14) 100 99 1.2(14) 100
99 2.0(15) 200 99 1.5(14) 200
SI 4.5(13) 20 SI <4.8(13) 20
99 4.0(14) 100 99 <6.7(12) 100
99 1.2(15) 200 99 <8.9(12) 200
CO N2 4.4(16) 20
S2 7.4(16) 20
SI 1.2(17) 20
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between CO (1-0) and (2- 1) indicates an excitation tem perature of 15 20
K for the high-velocity gas throughout the outflow. The values of the column 
density for all the observed molecular species derived by LTE assum ption are 
reported in Table 3.4. As one can see from the table the uncertainty on the 
tem perature means th a t the column densities are only accurate within a factor 
of 1 0 .
Note th a t with LVG calculations it is not possible to separate the effects on 
the excitation of the density and tem perature. Moreover, LVG calculations do 
not take into account any correction due to  the different beam filling factors a t 
the three wavelengths of the observed transitions. As discussed by Codella & 
Bachiller (1999b), if the source sizes were to  be definitely smaller than  the three 
beam widths, the LVG model would lead to  an overestimate of the excitation 
conditions: Tyn and nn2 should be reduced by factors of about 2 , while the 
column densities by a factor of 10 .
For the comparison with the models we decide to  consider the mean value 
of the molecular column density calculated for the three clumps and the three 
tem peratures.
The kinematic age of the outflow is estim ated to  be between 2 x l 0 4 and 
5 x l 0 5 yr, and it has been derived by comparing the positions of the farthest 
clumps, with respect to the driving source, assuming th a t the m aterial travelled 
from the center to  its present location with a typical observed velocity of the 
SiO clumps, ~  2 km s-1 , and correcting for the projection effect, given an 
inclination to  the plane of sky of 30 deg.
3.3.2 Theoretical column densities
The theoretical column densities are calculated using the following formula
N  = X L n f  (3.5)
where X  is the fractional abundance of the species, L is the length of the 
clump (assumed to  be spherical), n is the density and /  is the weighted beam 
dilution factor. This formula is valid for the single point models (Grid A). For 
the m ulti-point models (Grids B, C, and D) the column density is calculated
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Table 3.5: Volume, radius and angular dimension of equivalent sphere for the 
6 shells of the m ulti-point models of the CB3 clumps.
Shell Volume 
1050 (cm3) (Pc)
0S
(arcsec)
1 166.1 0.051 8.465
2 99.67 0.043 7.145
3 54.15 0.035 5.825
4 24.61 0.027 4.472
5 8.615 0.019 3.152
6 1.230 0.010 1.650
adding the contribution of each shell of the clump, using the formula
N  = J 2 X iL inif i (3.6)
i= 1
where i is an index indicating the shell, X{ is the fractional abundance of 
species in shell z, Li is the length of each shell, rii is the density in shell i and 
fi is the weighted beam dilution factor of the shell. The beam dilution factor 
is defined as
;  =  W + %  ( 3 '7 )
where 6S is the angular dimension of the source and 0b is the HPBW  of the 
telescope. For sources much smaller than  the beam  0S <C Of, and /  —* 0^/0b, 
while for sources much larger th an  the beam  6S 6b and /  —> 1 .
The angular dimension of the clumps observed in the CB3 outflow is ~10 
arcsec (0.12 pc a t a distance of 2500 pc) while the IRAM HPBW  ranges be­
tween 10 and 25 arcsec. For single-point models, depending on the transition, 
the source can be smaller or greater than  the telescope beam, while for multi­
point models the beam dilution factor is always smaller than  unity. In order 
to  evaluate the dilution factor for the m ulti-point models we calculate the an­
gular dimension of the equivalent sphere with a  volume equal to  the volume 
of the shell. The results are reported in Table 3.5.
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Table 3.6: Column densities (in cm 2) of selected species for some models from 
Grid A versus the column densities observed in CB3 (Column 6 ).
A1 A4 A6 A8 Obs
CS 6.2(13) 1.2(13) 9.8(13) 1.1(14) 1.9(14)
h 2c o 1.1(16) 1.2(16) 3.5(16) 1.4(17) 7.3(14)
h 2s 1.8(17) 2.6(16) 1.1(18) 1.4(16) 2.6(14)
s o 2 4.1(16) 8.1(15) 1.1(19) 2.8(16) 7.5(14)
o c s 1.6(15) 2.5(14) 8.1(17) 1.6(14) 3.7(14)
s o 2.2(17) 3.2(16) 1.0(19) 3.8(15) 1.5(14)
CO 8.7(17) 8.7(17) 1.4(20) 9.8(18) 7.9(16)
CH3OH 6.0(14) 8.0(14) 2.0(17) 2.9(16) 9.1(15)
3.4 C hem ical m odel results
In this section we present the results of the chemical models for all the four 
grids and we compare them with the observations. We remember here tha t 
the observed column densities are the mean values of the column densities of 
the three clumps observed along the CB3 outflow for the three temperatures 
(20, 100, and 200 K).
3.4.1 Grid A
In Table 3.6 we list the column densities at 105 yr, estimated from some of the 
models of Grid A as compared to the observations, while Fig. 3.6 shows the 
column densities of selected species as a function of time for some models.
From the table it is clear th a t the models from Grid A do not fit the obser­
vations. This is probably a consequence of the oversimplification introduced 
by the one-density component.
Nevertheless, general trends do emerge from this simple grid of models:
1 . a depleted sulphur initial abundance, rather than a solar one, is preferred; 
we note from our results that, apart from CS (whose abundance is mainly 
affected by the degree of depletion) other sulphur species, such as SO, 
are far too abundant if the initial sulphur is solar. A similar result has
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Figure 3.6: The column densities (in cm 2, logarithmic scale) of a selection of 
species relative to hydrogen over time for selected models from Grid A.
been found also in previous studies (Caselli et al. 1994; Viti et al. 2003). 
Ruffle et al. (1999) suggested tha t the depletion of sulphur can be due 
to the fact tha t in a collapsing translucent clump a large fraction of the 
gas-phase sulphur is in the form of S+. Ions collide more rapidly with 
grains and may stick more efficiently to them  than neutrals; so, as a 
clump collapses, sulphur may become depleted in it more rapidly than 
elements th a t are not primarily ionized in translucent material.
2. Freeze-out on to  grains must be effective a t the densities considered here; 
probably at least half of the gas is depleted on to grain by the end of 
phase I.
3. None of the species seem to be particularly affected by the type of collapse 
employed; for simplicity we will then adopt a free-fall collapse for the 
remainder of our grids.
So far, we looked at the column densities at 105 yr, the kinematic age
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Table 3.7: Column densities (in cm 2) for selected models from Grids B, C, 
and D at ~  105 yr vs observed column densities
B 1 B2 B3 Cl C2 D1 D8 Obs
CS 1.66(15) 1.24(15) 4.76(15) 5.79(13) 1 .60(14) 8.98(15) 9.64(15) 1.9(14)
h 2c o 2.32(17) 2.64(17) 1.73(17) 4.24(16) 1.20(17) 2.78(15) 2.74(15) 7.3(14)
h 2s 5.94(14) 5.97(14) 2.52(14) 4.00(15) 1.50(15) 4.90(13) 1.15(14) 2.6(14)
s o 2 5.64(15) 5.93(15) 2.59(15) 3.82(15) 6.56(15) 1.15(13) 2.13(13) 7.5(14)
o c s 1.61(14) 1.95(14) 6.15(13) 2.10(13) 2.71(13) 2.76(14) 2.77(14) 3.7(14)
s o 2.74(13) 3.21(13) 1.34(13) 8.89(14) 6.74(13) 2.43(13) 7.79(12) 1.5(14)
CO 1.11(18) 9.40(17) 1.16(18) 2.17(18) 1.56(18) 6.15(18) 6.32(18) 7.9(16)
CH3 0 H 6.05(15) 6.40(15) 1.22(16) 5.48(15) 6.20(15) 2 .12(14) 2.62(14) 9.1(15)
estimated by Codella & Bachiller (1999b) for the clumps along CB3. However, 
this estimate may be easily off by over one order of magnitude, since it strongly 
depends on the assumed geometry of the outflow and it can thus vary in the 
2 x l 04 -  5 x10s yr range (Codella &; Bachiller, 1999b).
From Fig. 3.6, we can see tha t certain species, such as CS, H2CO, and 
SO2 are very time-dependent; so for example the S 0 2 column density is close 
to the observed one if the clump is less than 104 yr old, while CS is best 
matched at later times (see Model A9); if the density is closer to 106 cm -3  
and the sulphur initial abundance is low (models A7 and A9 in Fig. 3.6) SO is 
reasonably matched before 3000 yr. These brief considerations underline the 
importance of constructing a clump with a density structure since not only 
different species match observations at different densities, but also the degree 
of freeze out (which determines a great deal of the time dependent chemistry) 
is density dependent.
3.4.2 G rids B, C and  D
As these grids share the same density structure, we discuss their trends to­
gether. The column densities for most models at 105 yr are listed in Table 3.7.
Table 3.7 shows tha t varying the percentage of gas depleted in the grains 
in Grid B (e.g. B1 vs. B2) does not significantly affect the abundances of most 
species, while in Grid C the abundance of sulphur-bearing species can vary by
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up to  one order of magnitude.
More significant differences are found between models from Grid B and 
those from Grid C, especially among the sulphur-bearing species; this is not 
surprising as sulphur-bearing species are known to be good tracers of high 
tem perature gas (e.g. Hatchell & Viti 2002; Hatchell et a. 1998). We find 
th a t CS is as much as two to three orders of m agnitude more abundant in 
Grid B than  in Grid C models while H2S, SO and OCS vary by two orders of 
m agnitude a t most; H2S is the driving species for the sulphur chemistry: it is 
enhanced on the grains during freeze out (via hydrogenation of sulphur) and it 
is then evaporated and dissociated during phase II; since it is easily dissociated 
a t high tem peratures, it is, of course, more abundant in Grid C models (where 
the absence of a high tem perature phase slows down its dissociation). A faster 
dissociation of H2S in Grid B increases the abundance of other sulphur species, 
in particular we note OCS (an otherwise underabundant species). S 0 2, on the 
other hand, does not seem to be affected as much.
We conclude th a t, if the clump is pre-existing, then we should be able 
to easily discern whether it has undergone a high tem perature phase or not 
using sulphur-bearing species as tracers: moreover, if we assume th a t once 
the outflow has reached the clumps, non-dissociative shocks must occur, then 
sulphur-bearing species can indeed be used as chemical clocks in order to 
determine the age of the outflow/clump system, as proposed also by Codella 
& Bachiller (1999b) and Bachiller et al. (2001) for the high-velocity outflowing 
gas.
As expected, the differences between Grids B, C, and Grid D involve more 
species. In particular, we find th a t, apart from sulphur bearing species, CH3OH 
is a good tracer of the different scenarios. CH3OH is not easily made in the 
gas-phase and is thought to be mainly formed on the grains via hydrogenation 
of a fraction of CO (Millar & Hatchell, 1998) and possibly H2CO. In a high 
tem perature environment, CH3OH has an alternative route of formation via 
water; in fact, we note from Table 3.7 tha t, a t equal freeze out, methanol is 
higher in the models from Grid B than  in those of Grid C (cf. B 1 and Cl) ,  
although a t high freeze out they are comparable (cf. B2 and C2). This implies 
th a t a high abundance of CH3OH depends more strongly on the am ount of
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Figure 3.7: As in Fig. 3.6 for selected models from Grid B, C and D.
CO on the grains than on whether a high tem perature phase has occurred.
For the same reason, Grid D models have a low abundance of CH3OH as 
the formation of the clump took relatively little time, hence depletion and 
hydrogenation onto the grains was not very effective (Rawlings et al., 1992). 
If a high tem perature phase is included for D l, the methanol abundance does 
indeed increase, but all the sulphur-bearing species increase by over one order 
of magnitude.
Methanol and sulphur-bearing species may therefore be the ideal candi­
dates to determine whether the clumps originate as a consequence of the out­
flow or whether they are, at least partially, pre-existing.
Since the age of the observed gas is uncertain, we also show in Fig. 3.7 the 
behaviour of selected species as a function of time for some of the models listed 
in Table 3.7. The chemistries of some species, such as, in fact, the ones which 
show most discrepancies with the observations, are highly time dependent; 
for example, H2CO, and some sulphur species, can be almost two orders of 
magnitude lower in abundances a t early times.
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3.5 M odel comparisons w ith CB3
At first sight, from Table 3.6 and 3.7, it appears th a t none of the models 
succeeds in reproducing all the observed column densities within the observed 
uncertainty (taken to be one order of magnitude, see Sect. 3.3.1) a t the es­
tim ated age of the outflow of 105 yr. However, some general considerations 
can be made. Results from Grid A suggest th a t a 0.12 pc clump a t uniform 
density is a too simplified model and th a t a density structure is present inside 
the large IRAM beam.
Grid D fails to  reproduce im portant species such as m ethanol and sulphur 
species and it is therefore the worse matching grid; Grid C improves over Grid 
D but still fails, in general, to  m atch the observations for some sulphur species 
and, to  a lesser extent, for methanol.
A first conclusion th a t can be made is therefore th a t the chemically rich 
clumps along CB3 can not be formed completely by compression of the gas 
due to the advent of the outflow. This, of course, implies th a t the high den­
sity of the clumps must have been reached before the advent of the outflow. 
This preliminary conclusion seems to be in contradiction with the conclusion 
by Arce & Goodman (2001) th a t the outflow clumps are the product of the 
sweeping up of ambient gas. However, their assum ption is th a t the ambient 
gas is homogeneous, a t a density of ~  5 x l 0 3 cm-3 , and th a t the outflow will 
sweep-up a volume of ~  0.5 Me , maintaining the same density of pre-existing 
cloud m aterial so, effectively, from a chemical point of view, the clump is in­
deed pre-existing the outflow /star system, as the final density was reached 
w ithout the intervention of the outflow. In this picture the morphology of 
the sw ept-up ambient gas and not its high density is a m anifestation of the 
episodic nature of the outflow.
Grid B models seem to be the best, in particular B2 gives the closest m atch 
w ith observations, within an order of magnitude (i.e. within the observed error 
bars, see Sect. 3.3.1): apart from CO, all species are well matched for t>  
104 yr, although H2CO is definitely best matched a t t < 104 yr. Although 
not obvious from Fig. 3.7 (but evident from Table 3.7), the CO abundance 
in Grid B is about half the value in Grid C, due to the presence of a high
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tem perature gas phase. However this difference did not increase by increasing 
the high tem perature phase to 500 yr (models not shown), as opposed to 150 
yr as assumed in Grid B.
In general, we find th a t the theoretical abundance of H2CO is overabundant 
with respect to the observations. One of the formation routes for H2CO is the 
hydrogenation of CO, HCO and HCO+ on the grain mantles. We tried a 
model, B3 (also shown in Fig. 3.7), similar to  B2 but where i) frozen H2CO 
is converted into methanol (a possible hydrogenation), ii) frozen HCO and 
HCO+ remain unaltered, upon depletion, Hi) none of the carbon th a t freezes 
onto the grains hydrogenates into methane (unlike in previous models, where 
a percentage of carbon atom s became CH4); the la tte r reaction is im portant 
because some of the H2CO formed during the warm phase is formed by the 
reaction of water with CH3 th a t comes from the dissociation of CH4 . We also 
computed a model, similar to B3, but with higher freeze out (B4, not shown 
in Fig. 3.7). Although the final (at 105 yr) fractional abundance of H2CO is 
lower than  in B 1 or B2 , we notice th a t in B3 and B4 the CS abundance is too 
high.
We can conclude therefore th a t the most likely scenario of the clumps 
observed along the outflow is a scenario where the clumps are pre-existing 
the advent of the outflow as a structure a t high density, and undergo a high 
tem perature phase (caused by a non-dissociative shock) when the outflow 
arrives.
There are several reasons why Grid B models do not always quantitatively 
m atch the observations: for example, so far we have only looked at the to ta l 
column density as coming from the whole clump. However, as shown from the 
results of Grid A, we know th a t the clumps must be formed by several density 
components; the density structure adopted here is believed to be representative 
of low-mass starless cores (Tafalla et al., 2002) but it is likely th a t the density 
profile for the starless, small clumps considered here have a different structure. 
It is therefore worth making some general considerations on the possibility 
th a t different species are em itted from different components of the gas.
Fig. 3.8 shows, a t two different epochs, the fractional abundances of se­
lected species as a function of the density for the model B2. From this figure it
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Figure 3.8: Fractional abundance of selected species as a function of density for 
Model B2 at 104 yr (left) and 105 yr (right). The diamond marks indicate the 
densities a t which each shell was computed. The points are joined for clarity.
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is clear th a t if the clumps are as old as 105 years the emission comes effectively 
only from a two-components density structure, one a t ~  5 x10s cm -3  and the 
other a t ~  106 cm-3 . It may be th a t some gas conies from a lower density 
component but our ‘edge’ (lower) density was determined by imposing a upper 
density of 106 cm -3  (as derived by observations, see above). In fact, if we look 
a t CO it seems as it is indeed the lower density component th a t is inconsistent 
with the observations. Note th a t although from this figure it seems as if an 
homogeneous gas a t 106 cm~ 3 would have matched the observations, this is not 
the case a t earlier times, and overall during the collapse phase (which deter­
mines the grain surface chemistry), when the chemistry is much more density 
dependent.
A possibility is th a t the clumps observed are smaller than  the size implied 
by the observations (and in fact 0 .12  pc is an upper lim it), bu t a t higher 
density: this would imply a smaller A y  and therefore smaller column densities 
for the highest density components. General trends th a t can be derived from 
Fig. 3.8 (overall left panel) are that:
1 . CO and CH3OH, and to a lesser extent CS and SO2, are mainly em itted 
by the lower density components.
2 . H2CO is slightly more abundant in the highest densities parts.
3. H2S is more or less constant a t early times, while SO and OCS seem to 
be highest a t intermediate densities. At 105 years, H2S is mainly em itted 
from the highest density component.
Finally, it is not excluded th a t each clump observed by Codella & Bachiller 
(1999b) does in fact contain substructures, not resolved in the single dish 
observations because of the large distance of the source.
3.6 Another test case: LI 157
Here we briefly compare our models with the the clumps observed in LI 157 
outflow. This outflow will be the subject of a detailed study in C hapter 5. 
Bachiller et al. (2001) have mapped the bipolar outflow in many molecular
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Table 3.8: Column densities (in cm 2) of selected species for B2 and D2 versus 
the observed column densities of the LI 157 clumps.
B2 D2 L1157
CS 1.15(14) 3.07(15) 2.7(14)
h 2c o 4.96(15) 8.57(14) 3-8(14)
h 2s 1.94(15) 5.53(13) 3.9(14)
so2 6.92(14) 6.40(12) 3.0(14)
OCS 1.00(13) 1.15(14) 5(13)
so 1.04(14) 3.64(12) 3.5(14)
CO 3.28(17) 2.10(18) 1.4(17)
CH3OH 1.72(15) 1.17(14) 0.5-2.6(15)
emission lines with the IRAM-30m telescope and they found a very rich chem­
istry. In particular, they detect six small (~  0.04 pc) clumps in the two lobes. 
The best defined clump, called B l, has a density of (3 -  6 )x l0 5 cm -3  and a 
kinetic tem perature of ~  80 K (Tafalla &; Bachiller, 1995), so, apart from its 
size, it is comparable to the clumps along CB3 and can therefore be briefly 
compared with our model results. If the origin of these clumps is similar to 
those observed along CB3, then their smaller size supports the possibility tha t 
the clumps along CB3 are smaller than the size implied by the observations 
due to the distance of the outflow (LI 157 is only 440 pc away while CB3 is at 
2500 pc).
Table 3.8 compares the column densities (recalculated with Eq. 3.6 as if 
coming from a smaller size) of our best-matching model (B2) at 105 yr and of 
D2, with the derived column densities. Table 3.8 clearly shows tha t the match 
between B2 and the observations improves as the size of the clump is reduced. 
Grid D is still unable to match the methanol and most of the sulphur-bearing 
species confirming the results obtained for CB3.
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3.7 Conclusions
A tim e-dependent chemical model of the chemically rich clumps observed along 
outflows has been presented. This preliminary study was aimed at finding some 
observable tracers th a t could help us understand the origin of the clumps with 
respect to the outflow. The models have been compared with the observations 
of the clumps observed along the CB3 outflow. The general conclusions are as 
follow.
1 . The initial sulphur abundance of the gas forming the clump can not be 
solar. We find a depletion factor of ~  100, confirming the findings of 
other studies (Ruffle et al., 1999).
2 . A substantial freeze-out must occur during the form ation of the clump, 
regardless of its mode of formation.
3. Our models indicate th a t the most likely explanation for the outflow 
clumps is th a t they are pre-existing, meaning only th a t their high density 
is, a t least partly, reached prior of the advent of the outflow. This does 
not exclude the general explanation th a t the outflow clumps are mainly 
made of sw ept-up ambient gas and th a t therefore the clumps are an 
indication of the episodic nature of outflows.
4. It is probable tha t, with the advent of the outflow, not only the tem per­
ature of the clumps increases and reaches the one observed, but also the 
clumps undergo a period of non-dissociative shock (and therefore high 
tem peratures, ~  1000K).
5. The rich chemistry of the clumps observed along CB3, and LI 157, seems 
to  be a consequence of a pre-existing density enhancement (either uni­
form or already in clumps) and of its interaction with the outflow. The 
latter, most likely, shocks and accelerates the gas, and possibly, if episodic, 
induces its dum piness. This is indicated by the high abundance of 
m ethanol and some of the sulphur-bearing species. In fact, these molecules 
are formed by a combination of freeze-out and surface reactions, and
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shock chemistry (see Sect. 1.5.6): both  are most efficient when the out­
flow compresses already dense m aterial during its passage.
6 . We find th a t it is not possible for the outflow clumps to have a uniform 
high density - a density gradient, in the size implied by single dish obser­
vations, is needed in order to account for the observed emission of most 
species.
7. At late times (t > 104 yr) H2CO is always over-abundant by at least 
a couple of orders of magnitudes. This discrepancy is similar to  th a t 
found for the clumps ahead of Herbig-Haro objects (Viti et al., 2003). 
These objects, however, do not share a common chemistry and we find 
no chemical reason why the abundance of H2CO predicted by our models 
should be much larger than  apparently observed. A possible explanation 
may be th a t the observed clumps are smaller than  the size implied by 
the observations. In fact, when computing the theoretical column den­
sities for smaller sizes (i.e. the clumps of the LI 157 outflow), the m atch 
between theory and observations improves.
Chapter 4
A detailed m odelling o f the  
clump SI in the CB3 outflow
The work presented in this C hapter has been published in the paper by 
Benedettini et al. (2006).
4.1 Lim itations o f the previous approach
In the previous chapter we modelled the low velocity clumps along outflows 
comparing the column densities derived from chemical models w ith the ones 
calculated from single dish observations along the CB3 and LI 157 outflows. 
The shortcomings of such an analysis were th a t the estim ations of the col­
umn densities derived from the chemical models, as well as those derived from 
the observations, suffer from high uncertainties due to  the fact th a t some of 
the param eters required to  calculate them  may be unknown. In particular, 
to  estim ate the observed column densities, arb itrary  assumptions have to be 
made regarding LTE conditions, excitation tem peratures and the lines being 
optically thin. If more transitions of the same species are available, one can 
use a LVG model to  derive the density and tem perature of the em itting gas 
but even in such cases often the results have a large uncertainty because the 
observed line ratios are not always sensitive to the tem perature or density. 
On the other hand, the theoretical calculation of column densities from the 
chemical model required knowledge of the geometry of the em itting region.
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However, when dealing with small em itting regions, such as the low velocity 
clumps along molecular outflows, the observations (usually single dish with a 
spatial resolution of a few tens of arcsec) do not constrain such geometry.
4.2 The new approach
One way to reduce the number of arbitrary  assumptions is to model directly 
the observed line emission using a radiative transfer model th a t predicts the 
line profile. Such a m ethod has been already adopted by other authors for 
modelling the envelope of low mass protostars (Jprgesen et al. 2004; 2005; 
Schoier et al. 2002; Doty et al. 2004) and it was found to be a powerful tool to 
probe the physical and chemical structure of the protostellar envelopes as well 
as the age of the protostar. In this chapter we a ttem p t such an approach by 
coupling the time dependent chemical model used in the previous chapter with 
the radiative transfer model SMMOL (Rawlings & Yates, 2001) described in 
C hapter 2 .
A flow diagram of the method used to  compare the observed da ta  with 
the theoretical models is shown in Fig. 4.1. A first order estim ate of the 
general physical conditions of the clump, such as the size, the density and the 
tem perature, is derived from the observations and used to  describe the physics 
of the phenomenon in the chemical model. The chemical model predicts the 
fractional abundances; these are given as input to  the radiative transfer model 
together with the density, the tem perature and the beam  of the telescope, to 
produce the line profiles th a t are directly compared w ith the observed profiles. 
A x 2 m ethod is used to  fit the profiles of several species and, where possible, 
of multiple transitions of the same species in order to define the best fit model 
and attem pt to  constrain the physical param eters of the em itting gas and the 
scenario for the form ation of the clumps.
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Figure 4.1: Flow diagram of the scheme applied to compare the observed data 
to the theoretical models in order to derive the best fit model.
4.3 Coupling of the chem ical and radiative 
transfer m odels
The models used are the UCL time-depended chemical model and the SMMOL 
radiative transfer model presented in detail in Chapter 2 . Since the two models 
have been developed separately, and they employ a different treatm ent of the 
geometry, their inputs and outputs are not compatible with each other. In 
particular, the output of the chemical model is a single file containing the 
fractional abundances of all the species, the density and the tem perature for 
each time step. For the models with no uniform density (Grid B, C and D) 
the density structure has been modelled dividing the clump in 6 shells, thus 
for each model a file for each of the 6 points is produced. On the other hand, 
the SMMOL code requires as input for each molecule a single file per time step 
with at least 50 points along the radius of the clump with the relative density, 
temperature, chemical abundance and velocity, thus a regridding to account
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Figure 4.2: H2 number density profile for models with a density structure 
ranging from 5 x l0 5 to  106 cm-3 .
for the different geometries of the two codes is required.
To reorganize the output of the chemical model in a format suitable for the 
radiative transfer model, two programmes were developed. The first program 
reads the output of the chemical model (one file for the single-point models 
and six files for the multi-point models) and extracts a  selected set of species. 
As output it produces a file for each species with the chemical abundance, 
the density and the temperature and the turbulent velocity of each point and 
each time step. The second program reads this output and interpolates the 
fractional abundances, the density and the tem perature of the 6 points to build 
a grid of 50 or 100 points following the profile of the clump. The output is a 
file for each species and each time step, th a t is used as input for the radiative 
transfer code. An example of the density profile for a model with a density 
structure ranging from 5x10s to 106 cm-3  is shown in Fig. 4.2.
Many tests have been done in order to solve the problems encountered in 
the coupling of the chemical and the radiative transfer models. In particular, 
spurious spikes were present in the profile of several lines for the models with 
density and tem perature profiles. The tests demonstrated tha t the spikes were 
due to a too sharp variation of the physical parameters (density, tem perature
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Table 4.1: Number of levels and tem perature of the highest level for the mod­
elled molecular species.
species number of levels T(highest level)
(K)
CO 31 1900
CS 21 493
SO 70 583
so2 198 356
p-H2CO 41 285
CH3OH-E 100 513
CH3OH A 89 523
and chemical abundance) between two adjacent points. We did several tests 
changing the number of points along the radius of the clump from 50 to 100 
points and we find that for simple molecules, such as CO and CS, 50 points 
were sufficient while for more complex species, such as CH3OH and SO2, a 
denser grid was necessary in order for the radiative transfer code to correctly 
converge; in those cases a grid of 100 points was used.
Several tests were devoted to verifying tha t the number of energy levels 
for each molecule considered in the radiative transfer model was adequate for 
modelling the high temperature (T  ~  100 K) gas of outflows. In principle, 
to calculate the level populations one might want to consider as many energy 
levels as possible. In practice, the molecular data, especially the collisional co­
efficients, are known only for the lowest levels and the more levels one considers 
the more the calculation is time consuming. In fact, to correctly calculate the 
level populations at a certain tem perature one can consider at least all the lev­
els till the one whose energy is similar to the gas temperature. The list of the 
number of energy levels we used for each species together with the tem perature 
of the highest level is reported in Table 4.1.
To correctly follow the evolution of the clump, the chemical model requires 
a dense sampling of the time; therefore it produces a large number of time 
steps, in our case 197 time steps covering 105 yr for phase II of the model.
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However, the physical conditions between near tim e steps are very similar and 
it is unnecessary and much too time consuming to  run the radiative transfer 
code for all the time steps. Therefore, the radiative transfer code has been run 
only for a selected subset of time steps of each chemical model, for a to tal of 
19 tim e-steps starting from 103 yr after the formation of the clump to 105 yr.
Even if the time steps were reduced, the number of times th a t we needed 
to run the radiative transfer code for each time step, each model and each 
molecule was very high (~  5000) hence we used a very powerful computer 
available a t UCL, the Param eter Search Engine (PSE). PSE is a cluster of 
three Sun Microsystems SunFire V880 Servers, each SunFire V880 contains 
8 UltraSparc III (750MHz) processors, 32 GB of memory and 0.8 GB of disk 
storage.
4.4 The best fit m ethods
Different methods can be used to compare the models w ith the observations.
In particular three different \ 2 fits are defined:
1. L ine—shape fit: the profile of the observed line is compared w ith the 
modelled line a t similar spectral resolution. The \ 2 is computed summing 
the square deviations of the flux in each spectral bin whose size is equal 
to the spectral resolution of the observed line. The formula used is
^ 2    [fl'U'Xmod(,'i') f  l u x o6s(^)]  ( 4  1 )
i=l N
where i is the index of the spectral bin, N  is the to ta l number of the bins, 
f l u x mod(i) and f l u x obs(i) are the flux in the ith bin for the modelled and 
observed lines, respectively.
2 . In tegrated  flux fit: the to ta l integrated flux of each line is compared 
with the integrated flux predicted by the model. The \ 2 calculated 
summing the square deviation of the to ta l line flux for different lines and 
it is normalized to the observed flux. The formula used is
x2 = ^ E
i=1
FluXmodi4) FluX0bs(i) ^
F luxobs{i)
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where i is the index indicating the line, N  is the to ta l number of lines 
considered, F luxmod and Fluxobs are the integrated line flux of the mod­
elled and observed line, respectively.
3. B len d ed  lines fit: for lines th a t are closely blended it is impossible 
to evaluate the contribution of the single lines to  the to ta l flux w ithout 
arb itrary  assumptions such as fixing the FWHM. In order to avoid to 
wrongly evaluate the contribution of the single lines, it is better to define 
a fit procedure th a t compares the to ta l integrated flux of blended lines 
with the sum of the lines fluxes predicted by the model. The \ 2 is 
calculated summing the square deviation of the to ta l flux of the blended 
lines and it is normalized to the observed flux. The formula used is
i V  * = i
BlendFluxmod{i) — B lendF luxobs(i)
(4.3)
BlendFluxobs(i)
where i is the index indicating the group of blended lines, N  is the to tal 
number of lines considered, BlendFluxobs is the to ta l flux of the observed 
blended lines and BlendFluxmod is the sum of the model flux of the lines 
th a t are blended.
The first method can be used for any single line to  derive the line profile th a t 
best reproduces the observed profile. The second m ethod can be used to  derive 
the model th a t best reproduces the integrated flux of all the observed lines at 
the same time. The third method is similar to the second but the sum of 
the flux of the blended lines is used instead of the flux of the single line and 
it must be used when it is not possible to deblend the observed lines. The 
second m ethod has been adopted also by Doty et al. (2004) for a similar work 
th a t uses a chemical and a radiative transfer code to  model the envelope of the 
protostar IRAS 16293-2422. The method turns out to  be a powerful tool to 
probe the physical and chemical structure of the protostellar envelope as well 
as the age of the protostar. The first method is particularly thorough because 
it fits not only the to ta l flux but also the line shape which, in the case of the 
outflow, may be non-Gaussian.
Given the large am ount of models involved, the procedure th a t calculates x 2 
and identifies the best fit model has been autom ated, and the related software 
was developed as part of this thesis.
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4.5 M odelling the clump SI along CB3
The CB3 outflow has been presented in the previous chapter (see Sect. 3.2.2). 
Four molecular clumps were identified along the main axis with very similar 
physical param eters. We choose to fit the clump SI of the CB3 outflow located 
in the southern lobe at an offset (0V30") from the millimetre driving source 
since it is the best defined clump. In Table 4.2 we list all the species and 
the lines observed a t the Si position for which the molecular da ta  (Einstein 
coefficients and collisional rates) exist and the radiative transfer code has been 
run. The integrated line flux and the FWHM of the lines are also given in 
Table 4.2. Since most of these lines have a Gaussian profile with similar width 
of about 10 km s_1, we adopt a microturbulent velocity of 5 km s-1  in the 
radiative transfer modelling. This is equivalent to modelling the observed line 
profiles with a single Gaussian line with a fixed FW HM of 10 km s-1 . We 
assume a clump size of 0.12 pc as derived from the IRAM maps.
To model in detail the SI clump the chemical models described in C hapter 
3 were used but new models were computed also. In particular
•  in Grid A a model with a density of 5 x l0 5 cm -3  was computed;
•  a new grid, called Grid As, was introduced to represent a clump at 
uniform density th a t undergoes for a period a non-dissociative shock;
•  in Grid B new models were computed for clumps w ith different tem ­
peratures and densities, i.e. clumps with a density profile ranging from 
5x1 0 s cm ' 3 to  106 cm -3  a t a tem perature of T  = 210 K, clumps with a 
density profile from 2.5xlO 5 cm -3  to  5x10s cm -3  and from 3 x l0 5 cm -3  
to  6 x l0 5 cm-3 , w ith T  = 210 K. Moreover, we added models with a 
different initial carbon abundance;
•  in Grid C a model similar to  C2 but with a higher tem perature of T=210 
K was computed.
Since most of the models from Grid D, where the clumps are formed by the 
compression of the incoming outflow, give unphysical results, here we restrict 
the analysis to  models D l, D3, D4, D4-shock and D8 only.
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Table 4.2: List of the molecules and transitions observed in the SI clump of 
the CB3 outflow that are modelled with the radiative transfer code with the 
integrated line flux and the FWHM.
specie line IS
(GHz)
f  Tmbdv 
(K km s-1)
FWHM
(km s-1)
CO (2-1) 230.538 179.59 10.22
CS (3-2) 146.967 16.94 8.61
so (65- 54) 219.949 14.25 8.05
so (43-3 2) 138.178 14.76 9.25
so2 (3l3-2o2) 104.029 1.21 10.00+
h 2c o (32i —2yo) 218.760 5.29 10.33
c h 3o h (5o-40) A+ 241.791 16.94 11.51
CH3 0 H 0^4 1 1 241.767 13.47 10 .00+
CH3 0 H (50-4 0) E 241.700 5.03 8.29
CH3 0 H (3o-2o) A+ 145.103 20.47 10 .00+
CH3 0 H (3_i—2_i) E 145.097 7.46 10 .0 0+
CH3 0 H (3o-20) E 145.094 16.94 11.51
CH3 0 H (2o-lo) A+ 96.741 1.12 10 .0 0+
CH3 0 H ( 2 - i - l - i )  E 96.739 4.29 10 .00+
1 in the line Gaussian fit the FWMH of the line is fixed to 10 km s 1
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In Table 4.3 we list all the chemical models computed and their parameters: 
the name of the model (column 1), for the models already presented in C hapter 
3 the name is the same; the presence (Y) or absence (N) of noil-dissociative 
shock (column 2 ); the H2 density of the clump (column 3), for models with a 
density profile we give the two extremes of the range; the final tem perature 
(column 4); the percentage of gas depleted into grains a t the end of the phase 
I (column 5); the initial sulphur abundance (column 6 ); the initial carbon 
abundance (column 7) and any other relevant param eters th a t were varied 
(column 8 ) such as the type of collapse simulated in phase I, if retarded instead 
of free-fall, the duration of the shocked phase if it is shorter, the percentage 
of CO converted into CH3OH on the grain surfaces, the fact th a t all H2CO is 
converted in CH3OH on ices, the type of evaporation from the grains once the 
outflow approaches the clumps if tim e-dependent (TD) as in Viti & Williams 
(1999a) instead of instantaneous. For the models of Grid D we also give the 
velocity of the outflow.
All in all 39 chemical models were considered. For each model 19 time 
steps were selected and 6 molecular species were modelled so th a t the radiative 
transfer code was run 4446 times.
To fit the lines listed in Table 4.2 we used the \ 2 method th a t sim ulta­
neously fits the to tal integrated flux of the observed transitions of various 
species, see Eq. 4.2. In this formula the difference between the theoretical and 
observed flux is weighted with the observed flux instead of the error of the 
measurement because the uncertainties associated w ith the chemical models 
are higher than  the errors of the observations, making it meaningless to  use 
the error as the weight. Moreover, in this way we avoid giving the brighter 
lines a higher weight.
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Table 4.3: List of the models and their parameters: presence (Y) or absence 
(N) of non-dissociative shock, final H2 density, final temperature, percentage 
of freeze-out, initial sulphur abundance, initial carbon abundance and other 
possible parameters tha t are different with respect to the other models, i.e. 
if the collapse is retarded (B =  0.1) instead of free-fall (B =  1), if the shock 
phase is shorter (100  yr) tha t in the other models, if all the H2CO is converted 
in CH3OH on ices, the percentage of CO converted into CH3OH on ices, and 
if the evaporation is time dependent (TD) instead of instantaneous. For Grid 
D models the density and tem perature are the final ones (at t = 105 yr) and 
the velocity of the outflow is given.
model shock n(H2) T FR X(S) X(C) Note
105 (cm"3) (K) (%) (10- 7) (10- 4)
Al N 1 210 15 130 1.0
A2 N 1 210 35 130 1.0 retarded collapse, B=0.1
A3 N 1 210 11 130 1.0 retarded collapse, B=0.1
A4 N 1 210 20 19 1.0
A5 N 10 210 20 130 1.0
A6 N 10 210 30 1.3 1.0
A7 N 10 210 55 1.3 1.0
A8 N 10 210 80 1.3 1.0
A9 N 50 210 25 130 1.0
A 10 N 5 210 30 130 1.0
Asl Y 5 210 30 1.3 1.0
As2 Y 1 210 30 1.3 1.0
As3 Y 5 210 32 1.3 0.45
As4 Y 5 210 30 1.3 1.0 short shock phase
B1 Y 5-10 110 40 1.3 1.0
B2 Y 5-10 110 60 1.3 1.0
B3 Y 5-10 110 60 1.3 1.0 H 2 C O = > C H 3 O H
B4 Y 5-10 110 80 1.3 1.0 h 2 c o = > c h 3 o h
B5 Y 5-10 110 60 1.3 1.0 i o % c o = > c h 3 o h
B6 Y 5-10 110 60 1.3 1.0 2 0 % C O = > C H 3 O H
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model shock n(H2) T FR X(S) X(C) Note
105 (cm‘ 3) (K) (%) ( io - 7) (10- 4)
B7 Y 5-10 210 60 1.3 1.0
B8 Y 2.5-5 210 40 1.3 1.0
B9 Y 3-6 210 60 1.3 1.0
BIO Y 5-10 210 20 1.3 1.0
B ll Y 3-6 210 40 1.3 1.0
B12 Y 2.5-5 210 60 1.3 1.0
B13 Y 5-10 210 30 1.3 0.45
B14 Y 5-10 210 35 1.3 0.45
B15 Y 5-10 210 40 1.3 0.45
B16 Y 5-10 210 15 1.3 0.45
C l N 5-10 110 40 1.3 1.0
C2 N 5-10 110 60 1.3 1.0
C3 N 5-10 110 60 1.3 1.0 H2CO=*CH3OH; TD evap.
C4 N 5-10 210 60 1.3 1.0
D1 N 5-10 110 20 1.3 1.0 v out flow = 2 km s ' 1
D3 N 5-10 110 20 1.3 1.0 v0utfiow= 100 km s-1
D4 N 2.5-5 100 20 1.3 1.0 Voutfiow= 2 km s_1
D4shock Y 5-10 100 20 1.3 1.0 voutflow — 2 km s
D8 N 5-10 100 20 1.3 1.0 voutflow— 20 km s - 1
4.6 Single species fit
As first step we analyse each molecular species separately and in the next 6 
subsections, we will present the results. In Sect. 4.7 we will attem pt to fit all 
the species simultaneously.
In order to take into account the uncertainties in the parameters adopted 
in the models and the calibration errors of the observations, we assume that 
we obtain a good match to the models when the theoretical line flux differs by 
less than 10% from the observed flux.
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Table 4.4: List of the best models for the two SO transitions, ordered by 
increasing x 2> with the relative epoch, gas density, temperature, freeze-out 
and SO column density.
model epoch n(H2) T FR N(SO)
(yr) 105 (cm-3) (K) (%) (cm-2)
B10 1 x 10s 5-10 210 20 3 .8 x l0 14
A 10 5 x l0 3 5 210 30 6 .4 x l0 14
B ll 2 x l 03 3-6 210 40 5 .5 x l0 14
B9 3 x l0 4 3-6 210 60 5 .3 x l0 14
B10 9 x l0 4 5-10 210 20 3 .8 x l0 14
B7 8 x l 04 5-10 210 60 3 .6 x l0 14
4.6.1 SO
As already noted in the previous chapter, if in the chemical model we assume 
a standard solar initial abundance of sulphur (1 .3 x l0 -5) the final abundance 
of SO is much higher than the observed one. Moreover the radiative transfer 
model produces strong self-absorption in the lines, which is not present in 
the observed line profile. The observed SO lines can be better reproduced 
assuming a depleted sulphur initial abundance of 1 .3 x l0 -7  as also indicated 
by previous studies (Viti et al. 2003; Ruffle et al. 1999).
Two lines of SO were detected towards the SI clump and, due to the 
different excitation tem perature of these lines (24 and 11K), their ratio should 
allow to constrain the tem perature of the gas. Indeed, the models with a 
tem perature of T  ~  200 K are the only models tha t can reproduce the observed 
line ratio. In Table 4.4 we list all the models where both the two SO line 
fluxes differ <  10% from the observed fluxes, ordered by increasing \ 2. The 
SO column density in all the models ranges from 3.6 xlO 14 cm-2  to 6 .4 x l0 14 
cm-2 . The models from Grid B are the best ones, while models without a 
non-dissociative shock and models with low density (n(H2) < 3 x l0 5 cm-3) 
do not seem to fit the SO lines at all. In Table 4.4 we note tha t models with 
equal input parameters but two different percentages of freeze-out (B10 and 
B7 or B9 and B ll)  can both fit the observed lines but at different epochs. In
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Figure 4.3: Column densities versus time for the BIO model.
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Figure 4.4: The two SO (65- 54) and (43- 82) lines observed in the clump SI 
of the CB3 outflow (histogram) with the line profiles predicted by the best fit 
model BIO a t t = 103 yr (continuous line).
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Figure 4.5: The CS (3-2) line observed in the clump Si of the CB3 outflow 
(histogram) and the line profile predicted by the best fit model Asl at t = 
2 x l 03 yr (continuous line).
particular, the models with the lower percentage of freeze-out fit the lines at 
an earlier epoch with respect to the models with higher freeze-out. The best 
fit is given by model BIO (n(H2) =  (5-10) xlO 5 cm-3 , T  ~  200 K, FR =  20%, 
Shock =  Y) a t a time t =  103 yr with N(SO) ~  4 x l0 14cm-2 . However, as 
shown in Fig. 4.3, in the B10 model the SO column density increases with 
time, it has a maximum at t = 3x 104 yr and then it decreases again to a value 
similar to the one assumed at t =  103 yr. This implies th a t a good fit can 
also be obtained a t a later time of t = 9 x l0 4 yr. The comparison between the 
observed lines and the best fit model is shown in Fig. 4.4.
4.6.2 CS
Table 4.5 lists all the models th a t fit the CS (3-2) line. CS is a high density 
tracer and we find th a t a t a fixed density it is also quite sensitive to the 
percentage of freeze-out, and in fact models with the same tem perature and 
density but different freeze-out fit the line at different epochs. In 14 out of 
39 models, a t least a time can be found in which the flux of the CS (3-2) line
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Table 4.5: List of the best models for the CS (3-2) transition, ordered by 
increasing x 2? with the relative epoch, gas density, temperature, freeze-out 
and CS column density.
model epoch
(yr)
n(H2) 
105 (cm-3)
T
(K)
FR
(%)
N(CS)
(cm-2)
Asl 2 x l 03 5 210 30 1 .2 x l 0 14
C l lx lO 5 5-10 110 40 1.2 x l 0 14
A4 lx lO 3 1 170 20 1 .5 x l0 14
A2 3 x l0 3 1 210 35 1 .3 x l0 14
B12 4 x l0 4 2.5-5 210 60 1 .4 x l0 14
BIO 5 x l0 3 5-10 210 20 1 .6 x l 0 14
D4 2 x l 03 10 70 20 2 .2 x l 0 14
Asl lx lO 3 5 210 30 l . lx lO 14
C3 6 x l 03 5-10 110 60 l . lx lO 14
D8 2 x l 03 10 70 20 1 .6 x l 0 14
B9 4 x l0 4 3-6 210 60 1 .6 x l 0 14
C3 5 x l0 3 5-10 110 60 1 .2 x l 0 14
B4 3 x l0 3 5-10 110 80 l.OxlO 14
C2 4^
 
X
 1—‘
 
O 5-10 110 60 l.OxlO 14
B9 3 x l0 4 3-6 210 60 1 .3 x l0 14
Asl 3 x l0 3 5 210 30 1 .3 x l0 14
C3
■'Po1—1Xco 5-10 110 60 1 .7 x l0 14
B8 lx lO 4 2.5-5 210 40 l.OxlO14
As2 lx lO 5 1 210 30 1.2 x l 0 14
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differs less than  10% from the observed flux and for 3 models, namely A sl, C3 
and B9, we find a range of times fitting the line (see Table 4.5). The models 
cover almost all the explored param eter space indicating th a t the CS (3-2) line 
alone can not be used to constrain the physical conditions of the clump, nor 
can it be used to discriminate among different scenarios of formation. Despite 
the different physical parameters, all the models in Table 4.5 have a similar CS 
column density: N(CS) ~  1014 cm-2 . The best fit model is model A sl (n(H 2) 
=  5 x l0 5 cm-3 , T  ~  200 K, FR  =  30%, Shock =  Y) a t a time t =  2 x l0 3 yr 
with N(CS) =  1 .2 x l0 14 cm-2 . The comparison between the observed line and 
the best fit model is shown in Fig. 4.5. One can see th a t the modelled line 
has a stronger peak than  the observed line. This is likely due to the fact th a t 
the observed line has a FWHM slightly lower than  the fixed value of 10 km 
s-1  assumed in the model; indeed the Gaussian fit of the line gives a FWHM 
=  8.61 km s-1  (see Table 4.2). Another possibility is th a t the line is weakly 
self-absorbed.
4.6.3 S 0 2
Table 4.6 lists all the models where the S 0 2 line flux differs <  10% from the 
observed flux, ordered, as usual, by increasing \ 2- The S 0 2 column density 
ranges from 2 x l0 14 to 5 x l0 14 cm-2 . We find th a t N (S 0 2) is very sensitive to 
time and in all the models it increases by more than  two orders of magnitude 
from t = 103 yr to  t = 105 yr. However, we do not seem to find a good fit 
for times >  104 yr. At later times the modelled column density is usually 
higher than  the observed one. Similar to the SO fits, the models from Grid 
B, As, and A with high H2 density (n (H2) >  106 cm 3) give the best fits, 
indicating once again th a t the scenario where the clump is (at least partially) 
pre-existing the outflow is the most likely. All models from Grid D, C and A 
(with the exception of A8 and A9 -  see below) produce a S 0 2 line intensity very 
different from the observed one, by up to two orders of magnitude for model 
D4. One common characteristic of these models is the lack of a post-shock 
phase a t high tem perature, hence it seems th a t this species is indeed a good 
tracer of the presence of a non-dissociative shock. This is in agreement with 
theoretical models of C -type shocks (Pineau des Forets et ah, 1993) where the
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Table 4.6: List of the best models for the SO2 (3 i3—202) transition, ordered 
by increasing x 2, with the relative epoch, gas density, temperature, freeze-out 
and SO2 column density.
model epoch
(yr)
n(H2) 
105 (cm-3)
T
(K)
FR
(%)
N (S02)
(cm-2)
A9 6 x l 03 50 210 25 2 .5 x l0 14
B1 3 x l0 3 5-10 110 40 3 .5 x l0 14
A8 2 x l 03 10 210 80 2 .6 x l 0 14
B8 5 x l0 3 2.5-5 210 40 2 .7 x l0 14
A8 3 x l0 3 10 210 80 2 .7 x l0 14
B7 6 x l 0 3 5-10 210 60 5 .1 x l0 14
Asl 9 x l0 3 5 210 30 2.1 xlO 14
B9 6 x l 0 3 3-6 210 60 3 .3 x l0 14
B3 lx lO 3 5-10 110 60 3 .8 x l0 14
A8 4 x l0 3 10 210 80 2 .8 x l 0 14
B ll 7 x l0 3 3-6 210 40 3 .5 x l0 14
abundance of SO2 is seen to increase after the passage of the shock and SO2 
is the dominant form of sulphur in the post-shock region.
The best fit model is the model A9 (n(H2) =  5 x l0 6 cm-3 , T  ~  200 K, FR 
=  25%, Shock =  N) at the epoch of t = 6 x l0 3 yr. The comparison between 
the observed line and the best fit model is shown in Fig. 4.6. However, we 
think th a t it is unlikely th a t this model is correct because such high uniform 
density for a clump of 0.12  pc would imply a visual extinction of more than 
1000 mags. Moreover, the initial sulphur abundance for A9 is solar. Probably, 
in the A9 model the absence of the non-dissociative shock is compensated 
by the higher initial sulphur abundance and the high density tha t lead to a 
SO2 column density able to  fit the line. As can be seen from Table 4.6 there 
are quite a number of models tha t can fit the S 0 2 line. It is clear therefore 
tha t we can not use this line to deduce uniquely the physical characteristics 
of our clump. However, the SO2 line does seem to trace a gas with a density 
between 3 x l0 5 and 106 cm -3  and a temperature between 100 and 200 K. The
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Figure 4.6: The S 0 2 (3 i3- 202) line observed in the clump SI of the CB3 outflow 
(histogram) with the line profiles predicted by the best fit model A9 a t t = 
6 x l 03 yr (continuous line).
freeze-out parameter is not constrained at all since in the models th a t fit the 
data the freeze-out parameter ranges from 25% to 80%. This is not surprising 
since S 0 2 is a second generation species which forms after the dissociation of 
other sulphur-bearing species released from the grains (see Sect. 1.5.6).
4.6.4 H 2CO
Table 4.7 reports all the models tha t fit the observed flux of the H2CO (32i-2 2q) 
line within 10%. Good fits can be obtained in models with non-dissociative 
shocks (Grid B and As). In the models without them (Grid A, C and D) the 
formaldehyde is usually overabundant. This is because this species is mainly 
formed by the reaction of oxygen with CH3. In models with a non-dissociative 
shock, during the high tem perature phase, the oxygen mainly interacts with 
neutrals to form OH and H20 , thus there is less oxygen free to form H2CO. 
H2CO is one of the species most sensitive to time; indeed its abundance in­
creases by more than one order of magnitude from t =  103 yr to t = 105 yr. 
A good fit can only be found for the very early epochs of <  4 x 103 yr; if the
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Table 4.7: List of the best models for the H2CO (32i-2 20) transition, ordered 
by increasing x 2> with the relative epoch, gas density, tem perature, freeze-out 
and H2CO column density.
model epoch n (H2) T FR N(H2CO)
(yr) (105 cm "3) (K) (%) (cm "2)
Asl lx lO 3 5 210 30 6.1 xlO 14
B3 lx lO 3 5-10 110 60 6 .5 x l0 14
B ll 4 x l0 3 3-6 210 40 6 .5 x l0 14
B10 4 x l0 3 5-10 210 20 5 .1 x l0 14
Asl 2 x l 03 5 210 30 6 .6 x l 0 14
B8 3 x l0 3 2.5-5 210 40 6 .0 x l 0 14
B10 3 x10s 5-10 210 20 4 .5 x l0 14
clumps evolve for more tha t 5 x l0 3 yr after the high tem perature phase, the 
theoretical abundance of H2CO is always overabundant with respect to the 
observations. Even in models where we allow conversion of H2CO to methanol 
on the grains (B3 and B4) an acceptable fit can only be obtained a t t = 103 yr 
for the B3 model (see Table 4.7). A lower H2CO abundance can be obtained in 
models with a lower carbon initial abundance (these models will be presented 
in Sect. 4.6.6). Indeed a theoretical line flux th a t differs less than 10% from 
the observed flux is found in all the models from B13 to B16 still a t early 
epochs <  104 yr (not shown in the Table 4.7).
The H2CO column density in the selected models ranges from 4.5 x lO 14 to 
6 .5 x l0 14 cm -2  and the freeze-out parameter ranges between 20% and 60% 
while the tem perature is ~  200 K, with the exception of the B3 model. The 
best fit model is Asl (n(H2) =  5 x l0 5 cm*3, T  ~  200 K, FR  =  30%, Shock =  
Y) a t the time t =  103 yr and column density N(H2CO) =  6 .1 x l0 14 cm-2 . In 
Fig. 4.7 the Asl model is plotted superimposed to the observed line spectrum.
4.6.5 C H 3OH
Methanol has always been considered a good tracer of the physical conditions 
of the emitting gas in star forming regions (e.g. Kalenskii et al. 1997; Leurini
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Figure 4.7: The H2CO (32i-2 20) line observed in the clump Si of the CB3 
outflow (histogram) with the line profiles predicted by the best fit model Asl 
at t = lx lO 3 yr (continuous line).
et al. 2004). In particular, it has been used as a probe of density in high- 
density media (e.g. Menten et al. 1988) and a tem perature estimate can be 
easily derived from the rotational diagram, if multiple transitions are available. 
Moreover, the presence of several transitions close in wavelength make it easy 
to observe more lines simultaneously, increasing the number of observational 
constraints and minimizing the relative calibration uncertainties.
The Boltzmann plot of the 8 methanol lines observed in the SI clump gives 
a column density N(CH3OH) ~  1016 cm-2  and a rotational tem perature of 
only 16 K (Codella &; Bachiller, 1999b), well below the 200 K we derived from 
the other molecules. However, in the physical conditions typical of outflows 
the gas is not in LTE condition and it is subthermally excited so tha t the 
rotational tem perature estimated from the Boltzmann plot is below the kinetic 
tem perature (Bachiller et al., 1995).
In the radiative transfer model the A and E types of methanol must be 
considered as separate species since the transition between the two symmetry 
states can not happen at a significant rate by radiative or collisional processes.
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We assume the standard ratio of 1 between A and E methanol, as also suggested 
by the absence of a significant shift in the A and E transitions in the Boltzmann 
plot. This choice has also been verified a posteriori since we find th a t both A 
and E m ethanol lines have similar deviation with respect to the observed lines.
From Table 4.2 one can see th a t the (3k ~2k ) and (2k - 1k ) transitions are 
very close in frequency. The line rest frequencies of the CH 3 OH (3o~20) A+ 
(145.103 GHz) and (3_i~2_i) E (145.097 GHz) transitions are separated by 
12.4 km s_1, those of the (3_i-2_i) E (145.097 GHz) and (3o~2o) E (145.094 
GHz) by 6.2 km s " 1. The (20 - l 0) A+ (96.741 GHz) and (2_1-1 _ 1) E (96.739 
GHz) transitions are also separated by 6.2 km s-1 . Since the separation of the 
lines is similar or lower than  the typical FWHM in the clump (10 km s-1 ) we 
expect th a t the (3k~2k) and the (2k ~ 1k ) transitions overlap with each other. 
Indeed the lines a t 145.1 and 96.7 GHz are blended; thus photons a t these 
frequencies will see a higher optical depth than  expected, because they are 
“seeing” the line profiles of neighboring transitions. The SMMOL code does 
not yet have a line-overlap facility, so our modelling of these blended m ethanol 
transitions is sem i-quantitative. For this reason we consider as an acceptable 
fit for the methanol all the models th a t produce line fluxes th a t differ by less 
than  30% with respect to  the observed flux, instead of 10% as used for the 
other species.
None of our models are able simultaneously to fit all of the 8 methanol tran ­
sitions (5 lines of CH3O H -E and 3 lines of CH3OH-A). In particular, we find 
th a t in models where the higher energy transitions (5k~4k) are reproduced, 
the lower energy transitions (3k~2k and 2k~ Ik) are largely underestim ated. 
Conversely, models th a t reproduce the lower energy transitions overestimate 
the transitions a t higher energy. This could be a direct consequence of the 
effects of line-overlap in the (3k~2k and 2k~1k) transitions: the low energy 
transitions are simply “seeing” more optical depth than  the higher energy 
transitions.
We did test, however, whether these inconsistencies are due to the incor­
rectness of our basic assumptions on the physical conditions in the clump; we 
computed further models where we assumed: i) a lower tem perature of T  = 
20 K or a smaller size of the clump of 0.06 pc. Again, there is no single
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model able to fit both the lower and the higher energy transitions a t the same 
time. Another possible explanation is th a t the high energy transitions trace 
a different component of the gas, possibly with different physical (and chem­
ical) characteristics. Indeed the (5k“4k ) lines seem to be fitted with models 
th a t produce a methanol column density of ~  5 x l0 14 cm -2  while the (3k~ 
2k ) and (2 k ~ 1k ) lines are fitted by models th a t have a higher column density, 
N(CH3 0 H) ~  5 x l0 15 cm-2 . Hence, we tried to  separately fit the two com­
ponents. For the high energy transitions (the 5k~4k lines) we find th a t most 
of the models th a t fit the lines belong to Grid D (see Table 4.8), indicating 
th a t these transitions may trace a gas compressed by the outflow (scenario D). 
Note th a t the models in Grid D have a lower abundance of methanol than  the 
models in the other grids. This is due to  a reduced am ount of frozen material, 
since m ethanol is preferentially formed on the grains via hydrogenation of a 
fraction of CO and H2CO: in the scenario depicted in Grid D the clump is 
formed by the compression of the outflow, and therefore the timescale avail­
able for freeze out is quite short. Moreover during the clump formation the 
tem perature also increases, significantly slowing the freeze out. While it is 
possible th a t the high J  transitions trace a newly formed clump (scenario of 
Grid D), it is also possible th a t this lower column density component simply 
traces a smaller component of the clump. To test this hypothesis we recom­
puted models A 10 and Asl assuming a smaller clump size of 0.04, 0.05 and 
0.06 pc instead of 0.12  pc. We found th a t both  models A10 and A sl were able 
to fit the 3 CH3OH lines of the (5k~4k) transition within 30% with a clump 
size of 0.05 pc (see Table 4.8).
As discussed above the three (3k~2k) lines and the two (2k -1k) lines are 
closely blended. Therefore to a ttem pt a fit to  the 5 CH3OH lines of the (3k~~2k) 
and (2k ~ 1k ) transitions, we decided to calculate the y 2 considering the sum of 
the flux of all the blended lines rather than  each line flux separately, i.e. using 
Eq. 4.3 ra ther than  Eq. 4.2. We find th a t two of our models fit the 5 lines 
(see Table 4.9). The best fit model is B10 (n(H 2) =  (5 -10)xlO 5 cm-3 , T  ~  
200 K, FR  =  20%, Shock =  Y) with a column density N(CH3 0 H) =  7 x l0 15 
cm-2 . The best fit time is t = 6 x l0 4 yr, although in B10 the methanol column 
density is quite constant in time so it is not possible to  constrain the age of
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Table 4.8: List of the best models for the 3 lines of the CH3 OH (5k ~4k ) 
transitions (both A and E type), ordered by increasing x 2> with the relative 
epoch, gas density, temperature, freeze-out and methanol column density. The 
last 2 models have a smaller clump size of 0.05 pc
model epoch n(H2) T FR N(CH3OH)
(yr) 105 (cm"3) (K) (%) (cm-2)
D1 (9-10) xlO 4 5-10 110 20 (4 .2 -4 .8 )x l0 14
B12 (8-9) xlO 3 2.5-5 210 60 (4 .3 -4 .7 )x l0 14
D8 lx lO 5 5-10 100 20 5 .2 x l0 14
D4 7 xlO 4 3-5 100 20 4 .3 x l0 14
A 10 (1-10) xlO 4 5 210 30 (1 .2 -1 .5 )x l0 15
Asl (1-4) xlO 3 5 210 30 1 .5 x l0 15
Table 4.9: List of the best models for the 5 lines of the CH3OH (3k~2k and 2k-  
1k ) transitions (both A and E type), ordered by increasing x 2, with the relative 
epoch, gas density, temperature, freeze-out and methanol column density.
model epoch n(H2) T FR N(CH3OH)
(yr) 105 (cm~3) (K) (%) (cm-2)
B10 6 xlO 4 5-10 210 20 7 x l0 15
C3 7 x l0 4 5-10 110 60 3 x l0 15
To 
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Figure 4.8: The CH3OH (3k ~2k ) and (2k - 1k ) lines observed in the clump SI 
of the CB3 outflow (histogram) and the line profile predicted by the best fit 
model BIO at t = 6 x l0 4 yr (continuous line).
this component. In Fig. 4.8 we show the best fit model: although the total 
flux of the three blended (3k~2k) lines are still within the 30% of tolerance, we 
do not achieve a good fit for the CH3OH (3o~2o) A+ line at -41.5 km s-1 . We 
note tha t in all the models the ratio between the (3o~2o) A+ and the (3o~2o) E 
lines is always higher (up to a factor of 1.5) than the observed value, indicating 
a systematic trend to overestimate the (3o~2o) A+ irrespective of the model 
parameters. This is very likely due to the effect of line overlap tha t is not 
included in our radiative transfer model.
Despite the limitation due to the lack of the line-overlap effect in the 
modelling, our analysis seems to indicate the presence of two different methanol 
components: one with a lower column density of N(CH3OH) ~  5 x l0 14 -  1015 
cm-2 , and possibly with smaller size, traced by the higher energy transitions, 
and another with a higher column density of N(CH3OH) ~  7x 1015 cm -2  and 
probably a t lower excitation conditions since it is traced by the lower energy 
lines. In our analysis we assume the same temperature for both components; 
this may be unrealistic but probably neither of the two components has a 
tem perature less than 100 K, due to the presence of the outflow. The possibility 
of different components or substructures within the clump was already put
C H A P T E R  4. The SI clump in the CB3 outflow 110
forward in the analysis presented in Chapter 3.
4.6.6 CO
The profile of the CO (2-1) transition in the clump SI is very different with 
respect to the other lines: a blue non-Gaussian line wing and an selfabsorption 
a t the ambient LSR velocity (-38.5 km -1 ) are present in the line. This profile 
indicates th a t on one side the line has a substantial contribution from the large 
scale outflowing gas and on the other side part of the emission is selfabsorbed 
by the ambient cloud. Moreover, Codella & Bachiller (1999b) estim ate a tem­
perature of ~  20 K for the CO at all the line velocities and they find th a t 
the (2- 1) line is optically thick, showing th a t the emission is dominated by the 
outer, colder part of the outflow rather than  by the SI clump. All of this makes 
it very difficult to  evaluate the actual contribution of the molecular clump to 
the overall observed emission. For this reason we prefer not to  consider the 
CO for the global fitting. However, it was decided to  run the radiative transfer 
model also for this molecule in order to roughly evaluate whether the results 
for this species are in agreement with the others. For the fitting, we consider 
only the flux coming from the Gaussian core of the CO (2- 1) line, neglecting 
the non-G aussian line wings ascribable to  the outflow.
In general we found th a t in all the models a t higher density, i.e. ra(H2) >  
5 x l0 5 cm-3 , the CO line is more intense, by a factor 4-6, than  the observed 
line. This disagreement could not be simply a ttribu ted  to  the lower tem pera­
ture of the gas since the expected flux of the CO (2- 1) line em itted by a gas a t 
T  = 10 K is more than  one order of m agnitude lower than  the flux em itted by 
the same gas but a t a higher tem perature T  =  200 K. Moreover, the theoretical 
CO (2- 1) line flux for a gas with n(H 2) >  5 x l0 5 cm -3  and T  =  20 K is about 
a factor of 4 lower than  the observed line.
In high mass star forming regions the C /O  ratio is found to be lower than  
the standard value of 0.467. Hence we investigated the possibility of a reduced 
CO abundance by assuming a lower initial abundance of carbon. Models in 
Grid As and B with an initial carbon abundance of 4 .5 x l0 ~ 5 derived from 
the C /O  ratio  of 0.21  found in the Orion Bar (Walmsley et al., 1999) were 
computed. Again these models produce a CO (2- 1) which is too strong with
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Table 4.10: List of the best models for the CO (2-1) transition, ordered by 
increasing x 2> with the relative epoch, gas density, temperature, freeze-out 
and CO column density.
model epoch n(H2) T FR N(CO)
(yr) 105 (cm"3) (K) (%) (cm-2)
B ll 9 xlO 4 3-6 210 40 5 .5 x l0 17
B8 1 x 10s 2.5-5 210 40 4 .0 x l0 17
A2 lx lO 6 1 210 35 4 .9 x l0 17
A9 3 x l0 3 50 210 25 6 .6 x l 0 17
A l
-rfor—4X 1 210 15 4 .5 x l0 17
A4 4 xlO4 1 210 20 4 .5 x l0 17
12
C 0(2-1)10
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Figure 4.9: The CO (2- 1) transition observed in the clump SI of the CB3 
outflow (histogram) with the line profile predicted by the best fit model B l l  
a t t =  9 x l0 4 yr (continuous line).
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respect the observation.
The models th a t better reproduce the observed flux are listed in Table 4.10. 
These models all have a low density (n(H 2) < 6 x l 05 cm-3 ) and a low freeze- 
out (FR <  40). The only exception is model A9; however the best fit age for 
this model is only t = 3 x l0 3 yr, the same model predicts a line brighter than  
observed by a factor 3.6 a t the later epoch t = 105 yr. The CO column density 
from the best models is in the range of (4 -7 )x lO 17 cm-2 . The best fit model 
is model B l l  at time t= 9 x l0 4 yr, with n(H 2) =  (3 -6 )xlO 5 cm-3 , T  ~  200 K, 
N(CO) =  5 .5 x l0 17 cm -2  and freeze-out 40%. In Fig. 4.9 the best fit model 
is plotted superimposed on the observed line.
4.7 M ulti species fit
In the previous section it was shown that, if one considers each species sepa­
rately, it is indeed possible to find a very good fit for each species.
We now attem pt to find a model th a t simultaneously fits all the molecular 
transitions observed in the S i clump. In order to take into account the large 
uncertainties in the model for the global fit we consider acceptable all the 
models where the line flux differs by less than  50% from the observed flux. 
We choose this relatively high level of tolerance because the line emission 
depends, directly or indirectly, on many param eters th a t are not well known 
such as the size of the em itting region, the density, the tem perature and the 
chemical abundances th a t in tu rn  depend on other param eters such as the 
percentage of depletion of the gas on to  the grains, the efficiency of chemical 
reactions, the density structure etc, and each species/transition has a different 
sensitivity to  each parameter. We find th a t none of the 39 models is able to  fit 
simultaneously all the molecular lines listed in Table 4.2 within 50% indicating, 
as also suggested in Chapter 3, th a t indeed several gas components exist in 
the IRAM -30m beam.
In order to  identify the different components we consider different groups 
of molecules. Firstly, we consider all the sulphur-bearing molecules i.e. CS, 
SO, SO2. None of the 39 models are able to fit all four observed lines. In 
particular, while several models fit both the CS and SO transitions (see Table
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Table 4.11: List of the best models for the SO (65- 54), SO (43- 82) and CS 
(3-2) lines, ordered by increasing with the relative epoch, gas density,
tem perature and freeze-out.
model epoch n(H2) T FR
(yr) (105 cm"3) (K) (%)
B9 3 xlO 4 3-6 210 60
Asl lx lO 3 5 210 30
B4 2 xlO 3 5-10 110 80
B12 2 x l 04 2.5-5 210 60
B12 3 xlO4 2.5-5 210 60
Asl 2 xlO 3 5 210 30
Al 2 xlO 3 1 210 15
4.11) the same models do not fit the SO2 (3 i3- 2q2) line th a t is usually fitted at 
the earlier times of t <  104 yr (see Table 4.6). The best fit model for CS and 
SO is the model B9 at a time of t = 3 x l0 4 yr. The line profiles of this model 
are shown in Fig. 4.10. However, a t tha t time, the SO2 line is eight times 
more intense than the observed emission as can be seen in Fig. 4.11 where 
the column density of the species is plotted versus time. In the same model 
the SO2 line can however be fitted at an earlier time, t = 6 x l 0 3 yr, when the 
column density is N(S0 2 ) =  3 x l0 14 cm-2 . Since in most of the models the 
SO2 abundance increases significantly with time, the fact tha t the SO2 (3 i3— 
202) line is fitted at early epochs (see Table 4.6) indicates tha t a low quantity of 
SO2 is needed to fit the line. A low column density of SO2 can be obtained not 
just by having a low chemical S 0 2 abundance but also by assuming a smaller 
size for the clump. In fact, a smaller component in the clump has been already 
suggested by the analysis of the methanol lines and also in Chapter 3. As was 
done for methanol, we test this possibility considering the chemical models 
A10 and A sl with a smaller clump size of 0.04, 0.05 and 0.06 pc. In the A10 
models the SO2 abundance is always lower than th a t in the Asl model due 
to the lack of a high tem perature phase in the former model. The A10 model 
does not succeed in fitting the observed SO2 (3 i3- 202) line. On the contrary, a
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Figure 4.10: The CS and SO lines observed in the clump SI of the CB3 outflow 
(histogram) with the line profile predicted by the best fit model B9 at t = 
3 x l0 4 yr (continuous line).
very good fit can be obtained if one assumes a size of 0.05 pc for the model Asl 
at the epoch t = 4 x l0 4 yr. At this epoch, the model Asl also fits the 3 higher 
energy lines of methanol (see Fig. 4.12), as already shown in Sect. 4.6.5. The 
same model does not fit the CS and SO lines. We therefore conclude tha t SO2 
and the higher energy methanol (5k~4k) lines may be emitted from a smaller 
gas component with a size of ~  0.05 pc, n(H 2) ~ 5 x  105 cm-3  and T  ~  200 
K. This component is associated with emission at high excitation of molecules 
produced in high tem perature gas, thus it could trace the zone of stronger 
interaction between the outflow and the clump.
Next we attem pt to fit simultaneously the CS and SO transitions together 
with the 5 lower energy transitions of CH3OH (3k ~2k ) and (2k - 1k )* We find 
no models able to fit simultaneously the 3 species within 50% of the observed 
value. In fact, from the fitting of the single species (see Sect. 4.5) we see tha t
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Figure 4.11: Column densities versus time for the B9 model.
the low energy methanol lines seem to trace a slightly higher density (model 
BIO with n(H2) =  (5-10)xlO 5 cm-3) than the CS and SO component (model 
B9 with n(H2) =  (3-6)xlO5 cm-3), but at the same tem perature (T ~  200K) 
and at a very similar time (6 x l0 4 yr and 3 x l0 4 yr, respectively). However, 
the difference in the density is not so relevant, considering also the high uncer­
tainties in the model especially for methanol because of the line overlap effects, 
and it is likely tha t the low energy transitions of CH3OH are associated with 
the same extended gas component traced by CS and SO.
Finally, we check whether the H2CO (32i-2 20) line could be associated with 
one of the two identified components. We find th a t the B9 model with clump 
size of 0.12 pc at t = 3 x l0 4 yr predicts a line about 25 times brighter than 
the observed one. Indeed, as said in Sect. 4.4, assuming a size of 0.12 pc the 
H2CO can be fitted only at very early epochs (t <  4 x l0 3 yr) while for more 
evolved times all the models predict far too much H2CO. On the other hand, 
if we consider the smaller component, i.e. an A sl model at 4 x l0 4 yr with a 
clump size of 0.05 pc, the theoretical intensity is only 3 times higher than the 
observed one, while at the early epoch of 2 xlO 4 yr a very good fit (within
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Figure 4.12: The SO2 (3 i3~2o2) and CH3OH (5k~4k) lines observed in the 
clump Si of the CB3 outflow (histogram) with the line profile predicted by the 
best fit model A sl at t = 4 x l0 4 yr (continuous line). The size of the clump is 
d =  0.05 pc.
C H A PTE R 4. The SI clump in the CB3 outflow 117
20%) to  the observed line is obtained. Although a global fit of the H2CO, S 0 2 
and h ig h -J  CH3OH lines cannot be obtained within the tolerance of 50%, it 
is likely th a t H2CO does not trace the whole clump bu t is associated with the 
smaller gas component and it is probably em itted by a region even smaller 
than  0.05 pc.
As already explained in Sect. 4.6.6, the CO (2- 1) line is dom inated by 
the outer, colder part of the outflow rather than  by the S i clump. Hence the 
CO (2- 1) line is not included in the global fit to the SI clump. However, it is 
worth evaluating if for the best fit model the contribution of the clump to this 
line is negligible as expected if the emission is dominated by the outflow rather 
than  the clump. Indeed, in the B9 model, fitting CS and SO, the predicted 
CO (2- 1) flux is only 23% of the observed flux.
We find th a t some species are very sensitive to time, such as su lphur- 
bearing molecules, in agreement with several previous studies (Hatched et a. 
1998, Viti et al. 2001, Wakelam et al. 2005, Codella et al. 2005), and they 
can therefore be used to determine the age of the SI clump. We fit bo th  the 
components of the clump with the same age ~  (3-4) x 104 yr which is similar to 
the dynamical age of the SI clump estim ated from the SiO emission (t ~  105 yr, 
Codella & Bachiller 1999b). Note however th a t our starting  point (t= 0) in all 
scenarios is set to be when the outflow starts interacting with the surrounding 
environment, hence the age we derive is not necessarily the age of the outflow.
4.8 Conclusions
From the above analysis we can conclude th a t the coupling of a tim e-dependent 
chemical model with a radiative transfer code proved to  be a powerful tool in 
constraining the physical and chemical param eters of the gas, especially when 
more than  one transition of the same molecule is detected. In fact, we find 
th a t more than  one model is able to fit the line emission of single species 
whilst a m ulti-line and multi-species analysis was able to constrain some of 
the physical param eters of the clump.
Different scenarios for the formation of the clump have been investigated 
within a large range of physical conditions. Our results show th a t most of the
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observed lines can not be fitted by models from the scenarios A, C and D. 
On the contrary, the models from scenario B or As seem able to reproduce 
most of our data. This is consistent with the findings from C hapter 3 where 
a preliminary analysis was done using only the chemical model. The main 
conclusion of this work is th a t the observed dense clumps are, a t least partially, 
formed prior to the advent of the outflow. The advent of the outflow on such 
clumps leads to a short phase of high tem perature (T ~  1000 K) followed by 
fast cooling down to tem peratures of ~  200 K.
In addition to the large-scale outflowing gas traced by the non-G aussian 
wings detected in the CO (2- 1) line, we identify two other components inside 
the large IRAM-30m beam (HPBW  =  1 0 - 2 9  arcsec). The extended compo­
nent (d = 0 .12  pc) is traced by CS and SO and probably by the lower energy 
transitions (3k ~2k ) and (2k ~1r ) of CH3OH. This component is not uniform 
in density but has a density structure in the range 3 x l0 5 -  106 cm -3 . The 
second component is more compact, with size ~  0.05 pc and density n (H 2) ~  
5x10s cm-3 , and it is traced by S 0 2, H2CO and the (5k~4k) CH3OH lines. 
For both  the components we estim ate a similar tem perature (T ~  200 K) and 
time (t ~  3 x l0 4 yr) from when the clump has started  to interact w ith the 
outflow. Since the compact component is traced by the higher energy transi­
tions of CH3OH, it is probably a t higher excitation and may trace the zone of 
stronger interaction between the outflow and the clump. However, the anal­
ysis of the CH3OH data  needs to be confirmed by modelling the d a ta  w ith a 
radiative transfer code th a t takes into account the effects of line-overlap (Gray 
& Yates, in prep). Moreover, a more realistic density and tem perature profile 
for the low-velocity molecular clumps along outflows is necessary. The real 
structure of the molecular clumps can be detected with high spatial resolution 
interferometric observations of clumps closer to  us than  CB3 .
Chapter 5
Interferom etric observations of  
the LI 157 outflow
The work described in this Chapter has been presented as a poster a t the 
Congress Science with ALMA: a new era for Astrophysics, Madrid, 1 3 - 1 7  
November 2006 and is the basis for a paper in preparation.
5.1 The necessity of high spatial resolution ob­
servations
Prom the analysis of the CB3 outflow clumps in the previous chapters, it is 
clear th a t the size of the clumps derived from single dish observations is an 
upper limit of the real size and th a t it is not possible for the clumps to  have 
a uniformly high density in a 0.12  pc radius. A density gradient is needed in 
order to  account for the observed emission of most species. T hat the typical 
size of the low-velocity clumps is smaller than  ~  0.1 pc is also supported 
by the fact th a t the match between the chemical models and the single dish 
observations improves in LI 157 where the size of the clump is reduced to  0.04 
pc due to  its lower distance (see Sect. 3.6). This is because the larger the size 
the worse the approximation of a single-density component becomes.
In chapters 3 and 4 the density structure of the clumps was modelled by 
the density profile derived for starless cores (Tafalla et al., 2002). However
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there is no observational evidence th a t the clumps associated with CB3 and 
LI 157 have a similar density structure to starless cores. Moreover, the outflow 
clumps show basic differences with respect to  the starless cores, for example in 
the tem perature (starless cores have tem perature <  10 K) and in the chemical 
structure (in starless cores several species such as CO and CS are depleted in 
the core center). A direct evidence of the real structure of the outflow clumps 
can only be achieved through very high spatial resolution observations using 
an interferometer. Unfortunately, the CB3 outflow is too far (d = 2500 pc) for 
the interferometric observations to be useful to  resolve the small scale structure 
of the clumps. LI 157 is clearly the better target as its distance is only 440 pc.
In fact, in the literature high spatial resolution observations of the blue 
lobe of the LI 157 outflow can be found for: SiO (Zhang et al. 1995; G ueth et 
al. 1998), NH3 (Tafalla & Bachiller, 1995) and CS (Zhang et al., 2000). These 
da ta  reveal a richer structure than  can be seen in the observations w ith the 
single dish IRAM-30m telescope. In particular, the CS, which is usually used 
as a density tracer, reveals th a t the clump B1 breaks into smaller clumps with 
size of the order of 10 -  15 arcsec (0.02 -  0.03 pc).
A map of the blue lobe of the LI 157 outflow has been produced by Perez- 
Gutierrez (1999) in his PhD thesis. In Fig. 5.1 the integrated emission for 
the four lines HCN (1-0), CH3OH (2 * - l* ) ,  HC3N (11-10) and OCS (7-6) 
observed with the Plateau de Bure Interferometer are shown. The maps with 
better signal to noise (HCN (1-0) and CH3OH (2 ^ -1 ^ ))  show a richness in 
structure. The B1 and B2 clumps results formed by smaller clumps and new 
small condensations are detected, one between B1 and B2, one between B1 
and B0 and one at north-west of B 1 observable also in OCS and marginally 
in HC3N. All these clumps are also visible in the NH3(3,3) map of Tafalla & 
Bachiller (1995).
These observations however are not sufficient to  derive the physical condi­
tions of the clumps. For this reason we applied for time with an interferometer 
to observe the brightest clump of the blue lobe, B l, in a selected sample of 
density and tem perature sensitive species a t a spatial resolution better than  
the observations of Perez-Gutierrez (1999). We were awarded 3 runs of obser­
vations with the Plateau de Bure Interferometer.
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Figure 5.1: Interferometric images of the blue lobe of the LI 157 outflow (figure 
from Perez-Gutierrez (1999)). The contours are: for HCN (1-0) first contour 
2.5 Jy beam -1  km s-1 , levels 2 Jy beam -1  km s-1 ; for CH3OH (2k - I k ) first 
contour 4 Jy beam -1 km s-1 , levels 1.5 Jy beam -1  km s-1 ; for HC3N (11-10) 
first contour 0.4 Jy beam -1  km s-1 , levels 0.15 Jy beam -1  km s-1  and for OCS 
(7-6) first contour 0.15 Jy beam -1 km s-1 , levels 0.05 Jy beam -1  km s-1 .
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5.2 The IRAM  Plateau de Bure Interferome­
ter
The Plateau de Bure Interferometer consists of six antennas of 15-meter diam­
eter, th a t can be positioned on 30 stations arrayed along a “T ” shaped track. 
The north-south  arm is 232 m long, and the almost east-w est oriented arm 
extends 216 m west and 192 m east of the intersection. The angle between 
the arms is 75 deg. Each antenna is a 15 m diam eter Cassegrain telescope 
constructed largely of carbon fiber.
The antennas are equipped with dual-frequency receivers a t 1.3 and 3 mm. 
The 3 mm SIS mixers cover the frequency range 81 -  115 GHz and have 
typical receiver noise tem perature between 30 K and 50 K. The 1.3 mm SIS 
mixers cover the frequency range 205 -  250 GHz and have typical receiver noise 
tem perature between 40 K and 60 K.
The receivers interference (IF) frequency is about 1.550 GHz, slightly vari­
able by up to  50 MHz because one synthesizer is used to  generate both  the first 
and second local oscillator (LO) frequencies. For transmission through cables 
from the antennas to the correlator room, the signal is down converted to  a 
100 -  680 MHz baseband with the second local oscillator in each antenna. Ad­
ditional oscillators (third LOs) select what section of the baseband is analyzed 
by the spectral correlator.
Eight correlator units are available. Each unit is a totally independent, 
flexible entity, capable of processing 15 baselines (6  antennas). Full 2 -b it 
sampling scheme is used to give 88  % efficiency.
The receivers upper and lower sidebands (USB and LSB) are separated 
by the correlators using a phase switching technique.The sideband gain ratio  
depends on receiver tuning, the ratio USB/LSB changing typically between 
< 0.01 and 5.0.
Each interferometer “configuration” , the 6 antennas on given stations, si­
multaneously provides 15 baselines (or wv-tracks). There are 4 prim ary con­
figurations with 6 antennas th a t can be combined to produce maps w ith dif­
ferent angular resolution. The actual angular resolution depends also on the 
frequency and the elevation of the source, few example are:
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•  in the compact configuration D, where the sensitivity is maximum, the 
angular resolution at 40 degree of declination is 4.87 arcsec a t 85 GHz 
and 1.80 arcsec at 230 GHz;
•  in the CD configuration suited for mosaic observations a t medium reso­
lution the angular resolution a t 40 degree of declination is 3.54 arcsec a t 
85 GHz and 1.31 arcsec a t 230 GHz;
•  in the highest resolution AB configuration the angular resolution a t 40 
degree of declination is 1.69 arcsec a t 85 GHz and 0.63 arcsec a t 230 
GHz.
5.3 Observations and data reduction
We observed the bright B 1 clump (R.A. (J2000) 20/l39m9s.5; dec (J2000) 
68°01'15") in the blue lobe of the LI 157 outflow between September and 
November 2004 with the aim to reveal its small scale structure. The cor­
relator units were configured in order to observe simultaneously CS (2- 1) a t 
97.981 GHz and CS( 5-4) a t 244.935 GHz. These lines are usually optically 
thin and can be used to derive the gas density (Cesaroni et ah, 1991). More­
over, we observed the CH3 OH (5^ - 4 #) transitions a t 241.791 GHz to  obtain a 
good estim ate of the tem perature. The 34SO (32~2 i) a t 97.71 GHz and CH3OH 
(2 i- l i )  A-  a t 97.583 GHz are autom atically covered by the setting of the au­
tocorrelator units th a t were configured in order to have a resolution of 0.5 km 
s-1  a t 3 mm and 0.8 km s-1  a t 1.3 mm. In order to  detect gradients of the 
physical conditions inside the clump, the CD configuration was used with 6 or 
5 antennas (5D+6Cp) obtaining a spatial resolution of the order of 3 arcsec at 
97 GHz and 1 arcsec a t 240 GHz.
An interferometer produces the visibility i.e. the Fourier transform  of the 
product of the prim ary beam patterns of the antennas and the brightness distri­
bution of the observed source. The antennas, receivers, cables, and correlators 
all introduce modifications to this visibility so th a t a calibration process is 
necessary to recover the signal of the source from the visibility. This process 
is quite complex; it consists of a number of steps: some are done in real tim e
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Table 5.1: Journal of the observations.
transition freq.
(GHz)
Av  
(km s-1)
synthetized beam 
(arcsec x arcsec)
rms 
(Jy beam -1)
CH3OH (21- li)A ~ 97.583 0.5 3.14x2.82 (P.A.=69°) 0.003
34SO (32-2,) 97.715 0.5 3.14x2.81 (P.A.=69°) 0.003
CS (2- 1) 97.981 0.5 3.11x2.79 (P.A.=70°) 0.009
CH3OH (5*-4*) 241.791 0.8 1.08x0.91 (P.A.=118°) 0.008
CS (5-4) 244.935 0.8 1.14x0.97 (P.A.=118°) 0.008
during the data acquisition, i.e. atmospheric calibration, antenna calibration, 
gain of the receivers; the other steps, such as band pass calibration, phase 
calibration, amplitude calibration and flux calibration are performed after the 
data acquisition.
Calibration needs the observation of other sources close to the target. In 
our observations, the phase and amplitude calibrations are achieved by obser­
vations of the quasar 2037+511 and the Seyfert galaxy 1928+738, which are 
close to LI 157 on the sky. The band pass of the receivers were calibrated by 
observations of the quasar 2145+067 (25 and 30 Sept.) and 1928+728 (24 
Nov.) and the flux scale was derived from observation of the star MWC 349.
The data were calibrated and analyzed with the GILDAS software, the 
images were produced using natural weighting and the artifacts caused by the 
incomplete coverage of (u, v) space are eliminated by the CLEAN routine. 
The details of the observations are summarized in Table 5.1.
5.4 R esults
5.4.1 3 m m  d a ta
The 3 mm observations have been performed with excellent weather conditions. 
The mapped zone of about 40x40 arcsec2 around the B 1 clump, reveals a rich 
structure with the detection of several sub-clumps traced by different species. 
The identified sub-clumps are listed in Table 5.2 with their coordinates.
The CS (2-1) map is shown in Fig. 5.2. The B 1 clump is resolved in three
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Table 5.2: Clumps identified in the zone of 40x40 arcsec2 around the B1 clump 
of LI 157 outflow.
clump R.A..(J2000) dec (J2 000 )
h m s 0 f II
B la 20 39 10.0 68 01 13.6
B ib 20 39 08.8 68 01 10.0
B lc 20 39 10.4 68 01 07.0
B id 20 39 09.2 68 01 04.4
B4 20 39 07.7 68 01 28.0
B5 20 39 10.5 68 01 23.1
sub-clumps tha t we label B la  (20*39m10V0, 68°0lT3".6), B ib  (20*39m08a.9, 
68°01'09".7), and B lc (20h39m10a.4, 68°01'07".4). The sub-clumps are located 
in a clear arch-shaped form with B lc showing the strongest emission. We de­
tect also a diffuse component tha t is elongated in the south direction similarly 
to what is seen in the SiO map by Gueth et al. (1998). The elongated feature 
is clearly visible in the channels map (Fig. 5.3) in the -4.4 km s -1  channel. In 
the B la  position a second velocity component is identified in addition to the 
main component centered at 0 km s-1 . As one can see from the the channel 
map (Fig. 5.3), the second component peaks at -11.4 km s-1  and extends up 
to -16 km s-1 . This component is also present in the SiO (3-2) line observed by 
(Bachiller et al., 2001). A new clump not revealed by the previous single dish 
observations (Bachiller et al., 2001), labelled B5 (20/l39m10s.5, 68°0T23".l), 
is detected north of B l. The shape of the B5 sub-clump changes with the 
velocity, it is circular at blue velocities and becomes elongated toward B l at 
velocities greater than 0 km s” 1. As in B la  the emission in B5 starts a t -16 
km s-1  a velocity bluer than the typical terminal velocity of the map of ~  -8  
km s-1 .
In the CH3OH (2 i- li)  A-  line two sub-clumps have been detected in the 
B l position B ib  (20/l39m8s.8, 68°0lT0".6) and B lc (20h39m10s.6, 68°01'06".l). 
The emission has a round shape clearly brighter toward B ib  without the elon­
gated structure toward the south detected in the CS map. The peak position 
of the B ib  clump seems to be shifted toward the south a t higher velocity (see
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Figure 5.2: Map of the B l clump of the LI 157 outflow in the CS (2- 1) line at 
97.98 GHz. First level is 0.027 Jy beam -1  (3cr), level steps are 0.02 Jy beam -1.
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Figure 5.3: Channel map of the B l clump of the L1157 outflow in the CS (2- 1) 
line a t 97.98 GHz. First level is 0.05 Jy beam -1 (3<r), level steps are 0.07 Jy 
beam-1 .
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Figure 5.4: Map of the B l clump of the LI 157 outflow in the CH3OH (2\ li)
A-  at 96.582 GHz. First level is 0.009 Jy beam -1  (3cr), level steps are 0.005 
Jy beam-1 .
Fig. 5.5). Indeed, the emission peaks a t an offset of (-S'7,3") with respect to the 
center of the map in the -3 km s-1  channel and at an offset (-5",-6") in the 5 
km s-1  channel. In the northern part of the map two clumps are detected, B5 
(20/i39m10s.3, 68°01'24"), visible also in CS, and B4 (20/l39m07s.7, 68°01'28") 
north-west of B l.
The quality of the 34SO map (see Fig. 5.6) is worse than the other two 
maps due to the lower signal of the line; however three sub-clumps are clearly 
detected: the two already detected in CS and CH3OH, B la  (20/l39m10s.5, 
68°01T2".1) and B ib  (20,l39m085.7, 68°01'09".2) and a new one, B id  (20h39m09s.2, 
68°01'04".4), a t an intermediate position between B ib  and Blc.
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Figure 5.5: Channel map of the B l clump of the LI 157 outflow in the CH3OH 
(2 i - l i )  A-  a t 96.582 GHz. First level is 0.01 Jy beam -1  (3cr), level steps are 
0.015 Jy beam -1 .
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Figure 5.6: Map of the B l clump of the LI 157 outflow in the 34SO (32~2 i) line 
a t 97.71 GHz. First level is 0.0075 Jy beam -1  (3cr), level steps are 0.001 Jy 
beam-1 .
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Figure 5.7: Channel map of the B l clump of the LI 157 outflow in the 34SO 
(32-2 i) line at 97.71 GHz. First level is 0.015 Jy beam -1  (3<r), level steps are 
0.005 Jy beam -1 .
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Figure 5.8: Map of the B l clump of the LI 157 outflow in the CS (5-4) line 
at 244.935 GHz. First level is 0.025 Jy beam -1  (3cr), level steps are 0.02 Jy 
beam-1 .
5.4.2 1.3 mm d a ta
At 1.3 mm we observed the CS (5-4) line in the USB and the CH3OH (5k ~4k ) 
transitions in the LSB. The 1.3 mm data are of worse quality than the 3 mm 
data because of the weather conditions. Moreover, the spatial resolution at 
1.3 mm is higher (~  1 arcsec) and the primary beam is smaller (~  20 arcsec) 
than a t 3 mm. In interferometers the emission from structures extended more 
than 2/3 of the primary beam are filtered out by the interferometer, therefore 
only the very compact peaks (<15 arcsec) can be detected. The extended 
emission could be partially recovered by convolving the interferometric data 
with single dish observations. Unfortunately, single dish data for these lines 
are not available and in any case the coverage of the (u,v) plane a t 1.3 mm is 
too poor to have a significant improvement from the convolution process.
In Fig 5.8 we show the map of the CS (5-4) line. One can see few small 
structures in the east side of the B l lobe; however the quality of the image is so 
poor tha t no further analysis can be done. Similarly, in the CH3OH (5k ~4k ) 
transitions few compact structures are detected but the quality is quite poor.
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Figure 5.9: Map of the B l clump of the LI 157 outflow in the CH3OH (5_i~ 
4_x) E line at 241.767 GHz. First level is 0.02 Jy beam -1 (3cr), level steps are 
0.01 Jy beam-1 .
The (5_i-4_i) E line at 241.767 GHz is shown in Fig. 5.9.
5.5 Column densities
In LTE conditions the molecular column density can be derived from the inte­
grated intensity of an emission line assuming tha t the it is optically thin, using 
the formula Eq. 3.4 that is reproduced here for ease of reading
„ , U 7 * 10. < 5 g | > « ,  ( _ | _ ) / n , , * ,  (5.1)
where Q{Trot) is the partition function, /i is the dipole momentum, v is the 
frequency, S  is the line strength and E  is the energy of the upper level of the 
transition. The value of these parameters for the observed lines are listed in 
Table 5.3. In Table 5.4 the column densities toward the detected sub-clumps 
for the three observed molecules are reported. For all the clumps we assume the 
temperature of 80 K derived in Bl by means of NH3 data  (Tafalla & Bachiller, 
1995). The area used to calculate the column density is the same for all the 
molecules in each clump and it has been defined using the molecule where the
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Table 5.3: Parameters used for the calculation of the column densities.
molecule transition S /i
(debeys)
E /k
(K)
Q(80K)
CH3OH (2 i- li)  A - 1.5 0.885 21.56 916
34SO (32-20 2.435 1.55 9.09 216
CS (2- 1) 2 1.96 7.06 68
clump is best defined, i.e. CS for B la, B lc and B5, CH3OH for B ib  and B4 
and 34SO for Bid.
The CS column density is quite uniform, (4-6) x 1014 cm-2 , in all the clumps 
with a maximum of 6.4 xlO 14 cm-2  in Blc. Note th a t the CS column density 
in the B la  clump is the sum of the two velocity components detected in this 
position. On the other hand, the methanol column density shows a higher 
value, 1 .2 x l0 16 cm-2 , in the B ib  clump with respect to the typical value of 
the other clumps, (2-5)xlO 15 cm-2 . The 34SO column density is about 3 x l0 13 
cm-2  in B la  and B lc while is slightly higher, (8 -9)xlO 14 cm-2 , in B ib  and 
B id.
Bachiller & Perez-Gutierrez (1997) derived the column density of the same 
molecules averaged over the whole B l clump using the single dish IRAM-30m 
data. In particular, they estimated N(CS) =  2 .7 x l0 14 cm-2  and N(CH3OH) 
=  (0 .5-2 .6)xl015 cm-2. They observed 32SO instead of 34SO. However, if we 
multiply N(34SO) by the isotopic ratio 32S /34S =  22  we can estimate N(32SO) =  
(6- 20 ) xlO 14 cm-2 , comparable with the value of Bachiller & Perez-Gutierrez 
(1997) of (3-5)xlO 14 cm-2 . The two sets of estimates are in agreement if 
one considers tha t the values derived from the Plateau de Bure interferometer 
data are calculated over the small peaks of the sub-clumps while the values 
derived from the IRAM-30m observations are averaged over the larger area 
of the whole B l clump. The fact tha t the single dish and the interferometric 
data give similar values of the column densities testifies th a t the large scale 
emission filtered out by the interferometer is negligible.
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Table 5.4: Molecular column densities in the detected clumps and column 
density ratio.
clump N(CH3OH)
( c m " 2)
N(34SO)
(cm-2)
N(CS)
( c m " 2)
N(CH3OH)
N(CS)
N(CH3OH)
N(34SO)
N(34SO)
N(CS)
B la 3 .4 x l0 15 3.6 xlO 13 5 .5 x l0 14 6 94 0.06
B ib 1 .2 x l 0 16 8 .3 x l0 13 4.1 xlO 14 29 145 0.20
B lc 3 .5 x l0 15 2 .6 x l 013 6 .4 x l0 14 6 135 0.04
B id 5 .0 x l0 15 9.0 xlO 13 3.1 xlO 14 16 56 0.29
B4 3.6 xlO 15
B5 2 .3 x l 0 15 5 .3 x l0 14 4.3 . . .
5.6 A nalysis of the maps
B l has a well defined arch-shaped form with the four sub-clumps (B la, B lc, 
B id  and B ib  in anti-clockwise order) outlining the arch. The arch spatially 
corresponds with the apex of the C2 cavity observed in the high resolution 
CO (1-0) map (Gueth et al., 1996). The C2 cavity, as well as the other 
similar structure C l detected in the B2 position, have been likely created by 
the propagation of large bow-shocks due to a highly collimated jet. Our maps 
support this scenario since the arch-shaped clumps at the apex of the cavity 
may trace the front of the bow-shock.
The observed molecules peak in different parts of the arch. In particular, 
the CS emission is brighter east-side while CH3OH is brighter west-side. Con­
sidering also the other interferometric maps found in the literature (SiO (2- 1) 
(Zhang et al. 1995; Gueth et al. 1998), NH3 (3,3) (Tafalla & Bachiller, 1995), 
HCN (1-0), CH3OH (2k - 1k ), HC3N (11-10) and OCS (7-6) (Perez-Gutierrez, 
1999)) we can identify two groups of molecules, one peaking west-side and the 
other peaking east-side. In particular, the B la  clump is brighter in HC3N 
(11-10), HCN (1-0), NH3 (3,3) and SiO (2-1) while B ib  is brighter in CH3OH 
(2K- l k ), OCS (7-6) and 34SO (32-2 i). The B lc clump is well defined and 
bright only in the CS (2- 1) map. The different behaviour between the east 
and west parts of the map is still evident among the column densities (see 
Table 5.4). Indeed the N(CH3OH)/N(CS) ratio is significantly higher in the
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west part (29 in B ib  and 16 in B id) than  in the east part (6 in B la  and B lc  
and 4 in B5). Similarly N(34SO)/N(CS) is higher in the west (0.20 in B ib  
and 0.29 in B id ) than  in the east (0.06 in B la  and 0.044 in B lc). Since the 
CS column density is quite constant throughout the map the difference in the 
ratio is an indication of an overabundance of m ethanol and sulfur oxide in the 
west part of the B l clump, especially in B ib  for CH3OH and in B id  for 34SO. 
This result is independent of the assumption th a t the tem perature of 80 K is 
constant throughout the B l clump. In fact, this tem perature was derived from 
the NH3 lines (Tafalla & Bachiller, 1995) so it is suitable for the east clumps 
where the ammonia peaks but it may not be suitable for methanol, which 
peaks in the west. If the tem perature in the B ib  clump is lower than  80 K the 
methanol column density could be lower than  the derived value of 1.2x lO 16 
cm-2 . However, even assuming T  =  10 K, the methanol column density does 
not change significantly.
Our original plan was to use the two lines (2- 1) and (5-4) of CS to derive 
the density and the methanol lines to derive the tem perature. Unfortunately 
the 1.3 mm data  are not usable for this purpose. However, some qualitative 
conclusions can be made from the available maps th a t show the dum piness of 
the B l clump and the inhomogeneity of the physical conditions of the observed 
sub-clumps. In particular, we find th a t the density is different among the 
sub-clumps; indeed molecules such as CS, HC3 N, and HCN, th a t have a high 
critical density, peak on the east side of B l, indicating th a t B la  and B lc  could 
be the sites of highest density.
The high spatial resolution maps show also the presence of a chemical 
structure inside the B l clump th a t represent the apex of the bow shock. In 
particular, molecules such as SiO, NH3, and CH3OH th a t are considered shock 
tracers show a different spatial distribution, with SiO and NH3 peaking about 
10 arcsec east of the peak of CH3OH. Moreover the CS peak is displaced about 7 
arcsec from the NH3 peak, which is unexpected since the two molecules should 
trace the same high density gas. We believe th a t these displacements cannot 
be fully accounted for by the lower spatial resolution of the SiO and NH3 maps 
(9 arcsec and 5 arcsec, respectively) with respect to  the CS and CH3OH maps 
(3 arcsec).
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A displacement between the CS and NH3 peaks is usually observed in 
starless cores (Pastor et al. 1991; Myers et al. 1991b; M orata et al. 1997). 
Two interpretations have been proposed: i) chemical differentiation inside the 
cores, with the drop of the CS abundance toward the core center due to  the 
depletion of this molecule onto dust grains at a density of (2—6) xlO 4 c,m“ 3 
(Tafalla et al., 2002); ii) different time dependencies of the chemistry of the 
two molecules; in fact ammonia is slow to form with respect to CS and it is 
possible th a t several cores have time to develop CS but th a t some of them are 
destroyed before appreciable NH3 is formed (Taylor et al., 1996). Of course 
clumps along outflows are different from starless cores, and in our case, it is 
possible th a t the displacement would be due to  a difference in the density of 
the B la  and B lc  sub-clumps, indeed CS should trace higher density gas than 
NH3 since its critical density is slightly higher (~  105 cm -3  for CS and ~  103 
cm -3  for NH3). Alternatively, it could be an indication of a different age of 
the two sub-clumps, with the B la  clump being old enough to  have had time 
to form more ammonia.
Ammonia and methanol are abundant on grain ice mantles (Charnley et al., 
1992) and they evaporate in the gas phase as the tem perature increases above 
120 K (Codings et al., 2004). In the chemical models described in C hapter 4 
we see th a t their abundance does not change significantly for a t least 105 years 
independent of the presence or the absence of the non-dissociative shock (i.e. 
a high tem perature phase with T  ~  1000 K). On the other hand, SiO is rapidly 
formed in the gas phase after the release of significant amounts of silicon from 
the refractory cores of dust grains a t the passage of the shock front (Pineau 
des Forets et al., 1997). SiO reacts with OH to  form Si0 2  and after 104 yr its 
abundance rapidly decays. The fact th a t methanol and ammonia can survive 
better than  SiO after the passage of the shock suggests th a t the east side of the 
B l clump where the density is higher and the SiO is more abundant would be 
the zone much closer to the shock front, while the B ib  clump is more distant.
For a few tracers (CS and 34SO) the emission is elongated toward the 
south, showing a linear structure also visible in the SiO map (Gueth et al., 
1998). Gueth et al. (1998) suggested tha t this protuberance is the magnetic 
precursor of the shock. The presence of a diffuse CS emission in this zone
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is consistent with this picture, indicating an enhancement of the density as a 
consequence of the precursor of the shock.
The two B4 and B5 clumps observed north of B l are located a t the walls of 
the C2 cavity. Their observational properties are similar to what is observed 
in B l. The CS emission is detected only in B5 and this clump is bright also 
in the HCN (1-0) (see Fig. 5.1) and NH3 (3,3) (Tafalla & Bachiller, 1995) 
transitions indicating th a t this east clump has a high density. On the other 
hand, the west B4 clump is bright in CH3OH (2k ~1k ) and NH3 (1,1) but it 
is less intense in HCN (1-0) and NH3 (3,3) and it is not observed at all in CS 
(2-1). This indicates th a t the density in the west B4 clump could be less than 
th a t in the east B5 clump.
In summary, our observations of the B l clump in the LI 157 outflow con­
firms what was found in the analysis of the the low-velocity clumps observed 
in the CB3 and LI 157 outflows (see C hapter 4). W hat is seen as a single 
molecular clump with size of the order of 0.1 -  0.04 pc by the single dish tele­
scope, when observed at high resolution shows a structure both  in its physical 
conditions and in its chemical composition on a scale of the order of 0.02  pc.
5.7 Chemical modelling
Chemical modelling of the Plateau de Bure observations can be done using 
the chemical models developed for the IRAM -30m data  on the CB3 clumps, 
scaled for the different distance and size of the clumps of LI 157.
In order to have an idea of how the observed column densities are sen­
sitive to  the model parameters we selected five models, varying the density, 
the tem perature and the percentage of freeze-out. The other parameters are 
fixed: free-fall collapse, instantaneous evaporation, depleted sulphur initial 
abundance X(S) =  1 .3 x l0 -7 . Since we want to model the small sub-clumps 
th a t have sizes of the order of 0.02  pc, we can reasonably assume th a t the 
density and the tem perature are constant in the clump. We consider only 
the best case scenario from the previous analysis i.e. the clump is believed to 
be pre-existent to  the advent of the outflow and undergoes a phase of non- 
dissociative shock. The parameters of the selected models are summarized in
C H AP TER  5. Interferometric observations o f the L I 157 outflow  139
Table 5.5: List of models and their parameters.
model n(H 2) T FR
105 (cm-3 ) (K) (%)
Asl 5 210 30
As2 1 210 30
B2 10 110 60
B7 10 210 60
B10 10 210 20
B12 5 210 60
Table 5.5.
The theoretical column densities a t t = 105 yr for CS, SO, NH3, and CH3OH 
are derived using the formula given in Eq. 3.5 of C hapter 3 and listed in Table 
5.6. The theoretical column densities are compared with with the observed 
column density in each sub-clum p (see Table 5.4). One can see th a t the model 
As2 w ith the lower density (n(H 2) =  105) cm -3 , predicts too low column 
densities. All the other models predict SO column densities lower than  the 
observed one but within the same order of magnitude. The models with higher 
density, n(H 2) =  106 cm-3 , are the ones th a t produce the higher CH3OH 
column density with the same value observed in B ib  while the models with 
n(H 2) =  5x10s cm -3  give a value similar to what is observed in the B la , B lc  
and B5 clumps. Model Asl is also able to reproduce the CS column density of 
the B la , B lc  and B5 clumps. The models have a tem perature of 200 K, higher 
than  the value of 80 K derived from the NH3 lines; however the B2 model th a t 
has a lower tem perature of 100 K gives a worse agreement with the CS and 
SO d a ta  with respect to the model B7 th a t has the same param eters but a 
higher tem perature.
In Fig. 5.10 we show how the column densities evolve with time for the 4 
models A sl, B2 , B7 and B10. As already mentioned ammonia and methanol 
remain constant as the two species are formed on the grain mantles and are 
injected into the gas phase during the high tem perature phase. On the other 
hand CS and SO are more time dependent. The fact th a t the SO column
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Table 5.6: Column densities (in cm 2) for a selected set of molecules at t = 
105 yr.
mol Asl As2 B2 B7 B10 B12
CS 6.10(14) 7.08(13) 1.35(15) 5.64(14) 2.28(15) 2.08(14)
SO 1.45(14) 3.39(13) 8.09(13) 3.12(14) 3.13(14) 1.74(14)
NHs 6.10(17) 1.57(17) 1.32(18) 1.48(18) 8.98(17) 9.58(17)
c h 3o h 4.22(15) 6.19(14) 1.31(16) 1.09(16) 1.08(16) 4.37(15)
As1 B2
6V
QO
20
NH.
18
16
SO
14
CS
12
3 3.5 4 4.5 5
log age (yr) 
B7
20
NH.
C\JI
Bo
QO SO
CS
3 3.5 4 4.5 5
NH.
ao CH,0H
SO
CS
Q
°  14
3 3.5 4 4.5 5
log age (yr) 
B10
20
NH.
ao CH-OH
QU SO
CS
3 3.5 4 4.5 5
log age (yr) log age (yr)
Figure 5.10: The column densities for a selection of species versus time.
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density a t t = 105 yr is lower than the observed values suggest th a t the clump 
in LI 157 may be younger than  105 yr.
In summary, from this very first analysis we can say th a t the tem perature 
of the clumps could be higher than  the previous estimate of 80 K by Tafalla & 
Bachiller (1995) from the NH3 lines and th a t the clump B ib  seems to have a 
higher density than  the B la  and B lc clumps. However, this is in contrast with 
the qualitative analysis of the maps (see Sect. 5.6) since we expected to find a 
higher gas density in the clumps where molecules with higher critical density 
peak, i.e. in B la  and B lc. A more detailed modelling needs to be developed 
for constraining the physical param eters of the gas in the sub-clumps.
Chapter 6 
Conclusions and Future work
6.1 Conclusions
We have presented the first detailed modelling of the small (d < 0.1 pc), low 
velocity (v <  10 km s_1) clumps observed along the lobes of the chemically 
active outflows such as CB3 and LI 157. In C hapter 3 we developed a time 
dependent chemical model where the chemical evolution of these clumps was 
explored. Two scenarios for the clump formation and evolution were investi­
gated: i) the clumps are partially pre-existing to  the outflow, meaning th a t 
the density structure is formed before the advent of the outflows, or alterna­
tively ii) the clumps are newly formed by the impact of the outflow on the 
surrounding medium. The effects of the impact of the outflow are reproduced 
by density and tem perature changes in the clump. The chemical abundances 
predicted by the chemical model have been used to  derive the theoretical col­
umn densities th a t have been compared with the observed ones derived by 
IRAM-30m data. This preliminary study was aimed a t finding some observ­
able tracers th a t could help us understanding the origin of the clumps with 
respect to  the outflow.
The first results indicate th a t the initial sulphur abundance of the gas 
forming the clump can not be solar but it must be depleted of a factor of ~  
100 and th a t a substantial freeze out must occur during the formation of the 
clump, regardless of its mode of formation. Moreover, we find th a t it is not 
possible for the outflow clumps to have a uniform high density within the 0.12
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pc size: a density gradient inside the large single dish beam is needed in order 
to account for the observed emission of most species.
The shortcomings of such an analysis are th a t the estim ates of the column 
densities derived from the chemical models, as well as those derived from the 
observations, suffer from high uncertainties due to the fact th a t some of the 
param eters required to calculate them  may be unknown. In particular, to es­
tim ate the observed column densities arbitrary  assum ptions have to be made 
regarding LTE conditions, excitation tem peratures and the lines being opti­
cally thin. On the other hand, the theoretical calculation of column densities 
from the chemical model required knowledge of the geometry of the em itting 
region. However, when dealing with small em itting regions, such as the low 
velocity clumps along molecular outflows, the observations (in our case sin­
gle dish with spatial resolution of few tens of arcsec) do not constrain such 
geometry.
One way to  reduce the number of arbitrary assumptions is to  model directly 
the observed line emission using a radiative transfer model th a t predicts the 
line profile. In Chapter 4 we attem pt such an approach by coupling the time 
dependent chemical model with the radiative transfer code SMMOL to model 
in detail the SI clump of the CB3 outflow.
Different scenarios for the formation of the clump have been investigated 
within a large range of physical conditions. The models th a t better reproduce 
all the observed lines are those where the clump is formed, a t least partially 
prior to the advent of the outflow. The advent of the outflow on the clump 
leads to a short phase of high tem perature (T ~  1000 K) followed by fast 
cooling down to tem peratures of ~  200 K, the consequent release of the icy 
mantle together with the high tem perature chemistry leads to the observed 
chemical enrichment.
In addition to  the large scale outflowing gas traced by the non-G aussian 
wings detected in the CO (2- 1) line, a t least two other components inside the 
large IRAM-30m beam are identified. The extended component (d = 0.12 pc) 
is traced by CS and SO and probably by the lower energy transitions (3k~2k 
and 2k~1r) of CH3OH. The second component is more compact, with size ~  
0.05 pc, and it is traced by S 0 2, H2CO and the CH3OH 5K-4 K lines. Since the
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compact component is traced by the higher energy transitions of CH3OH, it is 
probably at higher excitation and may trace the zone of stronger interaction 
between the outflow and the clump.
The presence of sub-structures in the clumps detected with the large beam 
of the single dish telescope has been observationally proved by the high spatial 
resolution maps obtained with the Plateau de Bure interferom eter toward the 
B l clump of the nearby LI 157 outflow. B l is seen as a single clump with 
size of 0.04 pc by previous IRAM-30m observation while our interferometric 
observations reveal tha t it is formed by four sub-clum ps w ith a  clear arch-shape 
form displaced at the apex of a bow shock. We find th a t the observed molecules 
peak in different parts of the arch. In particular, the CS emission is brighter 
east-side while CH3OH is brighter west-side. Q ualitative considerations based 
on the distribution of the molecular emission and first quantitative estim ates 
computed applying the chemical models developed for CB3 and rescaled for the 
different size and distance of the LI 157 clumps, indicate th a t a gradient in gas 
density and chemical composition is present among the sub-clum ps detected 
in B l.
Understanding the nature of these clumps may have wider implications 
than  just constraining their origin. If the pre-existing nature of the low ve­
locity clumps observed along outflows is correct, they may indeed be a further 
evidence of the dumpiness of dark molecular clouds.
6.2 Future work
In C hapter 5 we did a very preliminary analysis of the Plateau de Bure da ta  
in the LI 157 outflow using the chemical models developed for the CB3 d a ta  
and considering the different size and distance in the calculation of the column 
density. However, a more detailed analysis is possible. New chemical and 
radiative transfer models should be developed exploring a param eter space 
more appropriate for the clumps of LI 157 outflow.
Prom the analysis of the interferometric maps we inferred th a t the chemical 
and physical conditions are different among the observed sub-clum ps. Our goal 
is to try  to derive the physical parameters and the chemical abundances of the
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sub-clumps. In fact, this is quite difficult because we have detected only one 
transition in each molecule. However, we have obtained from Prof. Bachiller 
other P lateau de Bure data  of the blue lobe of LI 157 containing HCN (1-0), 
CH3OH (2 /f - lk ), HC3N (11-10) and OCS (7-6) transitions. These data  have 
been collected by Dr. Perez-Gutierrez in his PhD  thesis but they have never 
been published in a journal. We are confident th a t using the multi-species 
analysis and applying the method used for CB3 we will be able to constrain 
the different physical conditions among the sub-clum ps detected in the LI 157 
outflows. Indeed, the work done on CB3 has proved th a t the coupling of the 
chemical and the radiative transfer models is a powerful tool in constraining 
the physical and chemical parameters of the gas.
Our original goal was to derive an estimate of the gas density from the 
CS (2- 1) and (5-4) transitions. This is not possible because the (5-4) da ta  
are not usable. Nevertheless, we have data  for other species, such as HCN, 
th a t like CS are high density tracers and th a t can be useful. An estim ate of 
the tem perature will be possible from the four detected lines of the hyperfine 
transitions (2 /f - lx )  of CH3OH. In fact, the radiative transfer code th a t we 
used for CB3 did not take into account the fact th a t the lines are blended 
because they are close in wavelength and broad. Dr. Yates and Dr. Gray 
have modified the SMMOL code in order to  take into account the effects of 
line-overlap (Gray & Yates, in prep) so this new code will be used in our 
analysis.
LI 157 outflow has been selected to  be observed by two of the guaranteed 
time Key Projects of the Herschel satellite and the chemical modelling th a t 
we will do will be extensively used in this framework in particular for the 
prediction of the line emission.
In these last three years I have been heavily involved in the Herschel mis­
sion, a cornerstone of the European Space Agency (ESA), both with a technical 
and a scientific role. In particular, I have worked on the planning of three of 
the guaranteed time Key Projects of star formation: “Unbiased spectral survey 
of star forming regions” , “W ater in star forming regions” , and “A wide-held 
photometric survey of nearby star forming cloud complexes” . In the following 
subsections I will briefly present the instrum ents onboard the satellite and the
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scientific projects where I am involved.
6.2.1 Herschel Space Observatory
Herschel is the far-infrared and submillimetre satellite th a t will be launched 
in the early 2008. The satellite has a telescope of 3.5 m aperture working at 
the diffraction limit, and three instruments a t the focal plane.
•  PACS (Photodetector Array Camera and Spectrom eter) composed of a 
bolometric camera with three bands centered a t 75, 110 and 170 fim 
and a photoconductor imaging spectrometer covering the spectral range 
between 57 and 210 (im at medium resolution (R =  1000 -  5000).
•  HIFI (Heterodyne Instrum ent for the Far-Infrared) a  heterodyne spec­
trom eter of high spectral resolution (up to R =  107) covering the spectral 
range between 157 and 625 fim.
•  SPIRE (Spectral and Photom etric Imaging Receiver) a bolometer camera 
for the simultaneous observation of three bands centered at 250, 350 
and 500 fim and an imaging Fourier Transformer Spectrom eter (FTS) 
covering the range between 200 and 670 fim  with low resolution (R =  
20 -  1000).
6.2.2 Unbiased spectral survey of star forming regions 
K ey Project
The Key Project called “Unbiased spectral survey of star forming regions” is 
aimed at having an inventory of the most abundant molecular species in star 
forming regions in order to study the gas chemical composition as function of 
the evolutionary state and the mass. As we have extensively stated in this 
thesis the chemical composition of the gas is a powerful tool to  probe the 
physical conditions in star forming regions. The project foresees to use the 
two spectrometers on-board, HIFI and PACS, to  observe the spectral range 
between 55 to  620 fim, in a relatively small, bu t well selected sample of objects, 
representing the most im portant classes of star formation, i.e. pre-stellar cores,
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low-mass Class 0 and Class I protostars, interm ediate-m ass Class 0 protostars, 
embedded Herbig Ae/Be stars and outflows. The results of these observations 
will provide a legacy database to guide follow up observations with Herschel. 
See Ceccarelli et al. (2006) for a detailed description of the project.
As a typical chemically rich outflow from Class 0  protostar, LI 157 has been 
selected and our interferometric observations have been used to  define the best 
coordinates for the pointing. Indeed the B l clump in the blue lobe will be 
observed. My major contribution has consisted in defining the best PACS 
observing mode for this project. There are several possibilities to  cover the 
full PACS wavelength range with different spectral sampling and sensitivity. 
An estim ate of the observing times and sensitivities of the different observing 
modes has been performed. It turned out th a t to cover the full PACS spectral 
range a t the highest spectral sampling requires too much time (about 15 hours), 
so the poorer Nyquist sampling has been selected. The range mode w ith 
Nyquist sampling is faster (about 50 min) and the spectral sampling can be 
improved by repeating the observation several times with a slightly different 
(a fraction of the FWHM) starting wavelength.
6.2.3 Water in star forming regions Key Project
W ater is one of the most im portant molecules in interstellar chemistry in gen­
eral, and in star forming regions in particular. A high water abundance has 
been found in the envelopes of protostars and in the outflows (e.g. Harwit et 
al. 1998, Boonman & van Dishoeck 2003, Nisini et al. 2000). This high abun­
dance makes water a unique probe of the physical structure of s tar forming 
regions and of the fundamental chemical processes within the gas and between 
the gas and the grains. W ater is not only chemically interesting; it plays an 
active role in the energy balance (e.g. Goldsmith & Langer 1978, Neufeld & 
Kaufman 1993, Doty & Neufeld 1997). Because water has a very large dipole 
moment, its emission lines can be efficient coolants of the gas, perhaps even 
the m ajor one in some parts of the star forming regions. The large dipole mo­
mentum also favors the opposite effect, i.e. water molecules can heat the gas 
through absorption of infrared radiation followed by collisional de-excitation. 
It is therefore of param ount importance to study the water vapour lines and
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comparing its cooling and heating efficiency quantitatively with th a t of other 
species.
The “W ater in star forming regions” Key Project proposes a comprehensive 
set of water lines observations both with HIFI and PACS towards a large 
sample of protostars, covering a wide range of masses and luminosities, from 
the lowest to the highest mass protostars, and a large range of evolutionary 
stages, from the first ones represented by the p re-ste llar cores to  the last stages 
represented by the PMS stars surrounded by their protostellar disks. See van 
Dishoeck et al. (2006) for a detailed description of the project.
A deep study has been done for the definition of the observing strategy. In 
particular I worked on the comparison between PACS and HIFI spectroscopic 
capabilities (see Appendix A) in order to establish which is the most efficient 
between the two instruments in their overlapping spectral range between 157 
and 210  fim
My major interest in this project is in the water observations in outflows. 
I have participated to the selection of the sources sample, the definition of the 
lines to  observe and the calculation of the detailed estim ate of the integration 
time for the selected transitions.
6.2.4 A wide—field photom etric survey of nearby star 
forming cloud com plexes K ey Project
Understanding the initial conditions for individual protostellar collapse and 
the origin of the initial mass function (IMF), i.e. the distribution in masses of 
the prestellar condensations is a key and still unanswered question of m odern 
astronomy. While IRAS, ISO and ground-based near-IR  telescopes have pro­
vided a fairly complete census of Class I—III YSOs in nearby clouds, no such 
census exists yet for cold prestellar cores and Class 0 protostars. The Herschel 
imaging instruments SPIRE and PACS will provide unique tools to  address 
this fundamental issue, because prestellar cores and Class 0 protostars emit 
the bulk of their luminosity between 80 and 400 /im, i.e. in the spectral range 
covered by the two instruments onboard Herschel.
This Key Project foresees an extensive imaging survey of the densest por­
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tion of the Goult Belt complexes with SPIR E at 250 -  500 fim  and PACS at 
110 -  170 pm. The regions of the nearby (d <  500 pc) cloud complexes of our 
Galaxy with A v > 3 mag (about 140 deg2) will be m apped with SPIRE (filed 
of view of 4 x 4 arcmin2) while with PACS th a t has a smaller field of view (3.5 
x 1.75 arcmin2) the zone with A v > 6 mag will be m apped (about 80 deg2). 
The sensitivity limits of the survey will perm it to  have a census of objects 
down to M  ~  0.01 M©. See Andre et al. (2006) for a detailed description of 
the project.
I have been involved in planning of the project and in particular I am the 
leader of the team responsible for the Lupus complex. The Lupus molecular 
cloud complex is a very extended region located from I ~  335 deg to I ~  348 
deg and from b ~  0 deg to b ~  25 deg. It is the nearest s tar forming region 
(d ~  150 pc) and it is composed by nine subgroups. A detailed search of 
the literature has been carried out aimed at collecting up to date information 
on the region. Despite the fact th a t this regions is poorly studied -  mostly 
because its very southern position in the sky (dec ~  -45 deg) -  surveys in the 
optical, NIR and millimetre are available (Hughes et al. 1994; Andreazza & 
Vilas-Boas 1996; Tachihara et al. 1996; Vilas-Boas et al. 2000; Nakajim a et 
al. 2000). On the basis of these maps the most interesting zones (3 deg2 with 
SPIRE and 1 deg2 with PACS) to observe in the Lupus I, III and IV clouds 
have been selected.
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Appendix A
A comparison betw een HIFI and 
PACS spectroscopic capabilities.
One of the first question th a t people asked when started  planning the spectro­
scopic scientific projects with Herschel was which was the best instrum ent to 
use between PACS and HIFI. In fact, the two instrum ents have a complemen­
tary  spectral range but a small overlapping wavelength range between 157 and 
210 fim  and a different spectral resolution. In the following their spectroscopic 
capabilities are compared in order to establish which is the most efficient in 
the overlapping spectral range.
This work was done in 2004 when the sensitivity of the instrum ents was 
not well defined and the way how to do the measurement was still under de­
velopment. This means th a t all the overheads, such as the tim e for pointing, 
calibration, line tuning, etc., was unknown. However, the two consortia de­
livered a “simple time estimator” to roughly estim ate the efficiency of the 
observation in each observing mode by adding fixed overheads to  the pure 
integration tim e given by the sensitivity.
The HIFI time estimator was simply the classical formula connecting the 
rms noise to the integration time. The rms noise level is calculated by the 
formula:
=  ( A 1 )
where Tsys is the system tem perature, A v is the frequency resolution in Hz, 
ttot is the to ta l observing time in seconds and A  is an efficiency factor th a t
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takes into account the overheads. The HIFI observing modes are: Frequency 
Switching, Position Switching and On The Fly (OTF) scans.
To estimate the PACS tim e we used a preliminary version of HSPOT VO.54, 
the software tool th a t will be distributed as a time estim ator for the mission. 
The PACS spectroscopic observing modes are Line Spectroscopy and Range 
Spectroscopy.
To compare the HIFI and PACS spectroscopic capabilities in the common 
wavelength range (157 -  210 /im), we consider the Frequency Switching ob­
serving mode for HIFI and the Line Spectroscopy w ith chopping and nodding 
for PACS. The following strategy has been applied:
•  Five different lines in the 157 -  210 pm  range are considered: [ClI] 
(2P3/2 - 2 P1/2 ) a t 157.60 /im, OH (H i3 /2  -  1/ 2) a t 163.20 pm, H20  
(22i -1o i ) a t 179.53 pm, CO (14- 13) 185.99 pm  and [Nil] (3Pi —3 P0) at 
205.00 pm.
• For each line we calculate the PACS observation tim e to  perform  a single 
pointing observation, i.e. to observe one PACS field of view (FOV) of 
47x47 arcsec2 a t a spatial resolution of 9.4 arcsec. The minimum ob­
serving time for Line Spectroscopy mode is used to  reach a typical rms 
of 0.3 Jy which correspond to a line flux of 2 x l0 ~21 W  cm -2  a t signal 
to  noise ratio (S/N) of 5 (about 10 times less than  the typical line flux 
observed by the Long Wavelength Spectrometer on-board ISO).
•  W ith HIFI the same region of the PACS FOV is mapped. However, since 
the FOV of HIFI is smaller tha t the PACS one a t these wavelengths, 
several pointings are needed to observe the same area. We impose to 
HIFI to  do the same map in the same tim e used by PACS observations. 
Frequency switching observing mode and the Wide Band Spectrom eter 
(WBS) with 1 MHz spectral resolution are used to calculate the  Trms.
•  In order to  improve the HIFI sensitivity the spectral resolution is reduced. 
No advantage in the S/N  can be obtained rebinning the HIFI da ta  to a 
resolution higher than the linewidth, therefore the HIFI da ta  are rebinned 
a t the linewidth and the corresponding Trms is calculated.
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Figure A .l: Comparison between PACS ad HIFI sensitivity for a line with 
FWHM =  10 km s_1. The HIFI data are rebined a t a resolution equal to the 
linewidth.
• Then the correspondent line fluxes are calculated, assuming S/N  =  5 and 
different line widths: 5, 10, 40, 80 km s-1 .
• Finally, we compare the line fluxes observed by HIFI and PACS in the 
same integration time, with the same S/N, and covering the same area 
in the sky.
In Table A .l the results of the sensitivity estimates are reported. The 
transition and its wavelength are listed in column 1 and 2 , respectively; column 
3 gives the observing time; column 4 gives the linewidth; column 5 gives the line 
flux measured by HIFI with S/N =  5, rebing the data at a spectral resolution 
equal to the linewidth; column 6 lists the PACS line flux with S/N  =  5. As 
an example in Fig. A.l we show the comparison between PACS and HIFI line 
sensitivity for a line with FWHM =  10 km s-1 .
Some scientific programs foresee the mapping of an extended area -  typical 
sizes are few arcmin square -  this requires more than one PACS pointing. 
Then the comparison strategy explained before has been applied also to the 
PACS mapping mode. An area of 1.57x1.57 arcmin2 (corresponding to 2 x 2
HIFI
PACS
_ j  i i i i i i i______ i—
160 180 200 
X ( f i m )
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Table A .l: Comparison between HIFI and PACS sensitivities.
line A Time linewidth HIFI flux PACS flux
(pm) (min) (km s-1 ) (W cm "2) (W cm "2)
CII2P3/2 - 2 Pi/2 157.74 8.5 5 7.390X10"21 1 .7 x l0 -21
OH 1/2 3/2-1/2 163.20 8.3 5 7.166xl0~21 1.8xl0~21
H20  22i -1o i 179.53 8.6 5 6.161X10*21 1 .8 x l0 -21
CO 14-13 186.00 8.8 5 5 .597x l0 -21 2 .0 x l0 -21
Ni l3 - 3 P0 205.18 9.4 5 4 .774x l0 -21 3 .0 x l0 -21
CII2P3/2 - 2 P i/2 157.74 8.5 10 1.045x l0 -20 1 .7 x l0 -21
OH 1/2 3/2-1/2 163.20 8.3 10 1 .013x l0_2° 1 .8 x l0 -21
H20  22i -1oi 179.53 8.6 10 8 .7 1 3 x l0 -21 1 .8 x l0 -21
CO 14-13 186.00 0° 00 10 7 .9 1 6 x l0 -21 2 .0 x l0 -21
N il3Pi - 3 P0 205.18 9.4 10 6.751 x lO -21 3 .0 x l0 '21
c i i2p 3/2 - 2 P1/2 157.74 8.5 20 1.478xlO -20 1 .7 x l0 -21
OH 1/2 3/2-1/2 163.20 8.3 20 1.433xlO~20 1.8x 10-21
H20  22i-1qi 179.53 8.6 20 1.232xlO -20 1 .8 x l0 -21
CO 14-13 186.00 OO 00 20 1.119X10"20 2 .0 x l0 -21
N il3Pi - 3 P0 205.18 9.4 20 9.556X10"21 3 .0 x l0 ~ 21
c i i2p 3/2 - 2 P i/2 157.74 8.5 40 2.090 xlO ~20 1 .7 x l0 -21
OH 1/2 3/2-1/2 163.20 8.3 40 2 .027x l0_20 1 .8 x l0 -21
H20  22i-1oi 179.53 8.6 40 1.743xlO-20 1 .8 x l0 -21
CO 14-13 186.00 oo bo 40 1.583xlO"20 2 .0 x l0 ~ 21
NII3Pi - 3 P0 205.18 9.4 40 1.350xl0-20 3 .0 x l0 -21
CII2P3/2 - 2 P i/2 157.74 8.5 80 2.956 x lO "20 1 .7 x l0 -21
OH 1/2 3/2-1/2 163.20 8.3 80 2.866xlO~20 1 .8 x l0 “ 21
H20  22i -10i 179.53 8.6 80 2.464xlO-20 1 .8 x l0 -21
CO 14-13 186.00 OO oo 80 2.239xlO-20 2 .0 x l0 -21
N il3Pi - 3 P0 205.18 9.4 80 1.909X10-20 3 .0 x l0 -21
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Table A.2: As Table A .l but using PACS in the mapping observing mode.
line A Time linewidth HIFI flux PACS flux
(/mi) (min) (km s-1 ) (W cm "2) (W cm-2)
C IF P 3/2 - 2 157.74 14.15 5 1.146xlO -20 2 .5 x l0 -21
OH 1/2 3/2-1/2 163.20 13.88 5 l . lO lx lO '20 2 .5 x l0 -21
H2O 221-1()1 179.53 14.48 5 9.345xl0~21 2 .6 x l0 -21
CO 14-13 186.00 14.82 5 8.780xl0~21 2 .8 x l0 -21
N il3Pi - 3 P0 205.18 16.02 5 7.314x l0 -21 4 .3 x l0 -21
CII2P3/2 - 2 P 1/2 157.74 14.15 10 1.620X10"20 2 .5x l0~ 21
OH 1/2 3/2-1/2 163.20 13.88 10 1.557xlO "20 2 .5 x l0 -21
H20  22i -1oi 179.53 14.48 10 1.322xlO-20 2 .6 x l0 -21
CO 14-13 186.00 14.82 10 1.242xlO-20 2.8x 10-21
N il3Pi - 3 P0 205.18 16.02 10 1.034xl0-20 4 .3 x l0 -21
CII2P3/2 - 2 P 1/2 157.74 14.15 20 2.291 x lO "20 2 .5 x l0 -21
OH 1/2 3/2-1/2 163.20 13.88 20 2 .2 0 2 x l0 "20 2 .5 x l0 -21
H20  22i -1o i 179.53 14.48 20 1.869xlO-20 2 .6 x l0 -21
CO 14-13 186.00 14.82 20 1.756xlO-20 2 .8 x l0 -21
NII3Pi - 3 P0 205.18 16.02 20 1.464xlO-20 4 .3 x l0 -21
c i i2p 3/2 - 2 P1/2 157.74 14.15 40 3.240 xlO ” 20 2 .5 x l0 ~ 21
OH 1/2 3/2-1/2 163.20 13.88 40 3.114xlO-20 2 .5 x l0 " 21
H20  221-I01 179.53 14.48 40 2.643 xlO “ 20 2 .6 x l0 -21
CO 14-13 186.00 14.82 40 2.483 xlO~20 2 .8 x l0 -21
N il3Pi - 3 P0 205.18 16.02 40 2.069 x lO "20 4 .3 x l0 -21
CII2P3/2 - 2 P 1/2 157.74 14.15 80 4.582 x lO "20 2 .5 x l0 -21
OH 1/2 3/2-1/2 163.20 13.88 80 4.403 x lO "20 2 .5 x l0 -21
H20  221-I01 179.53 14.48 80 3.738xlO-20 2 .6 x l0 -21
CO 14-13 186.00 14.82 80 3.512xlO~20 2 .8 x l0 -21
N il3P x - 3 P0 205.18 16.02 80 2.926 x lO "20 4 .3 x l0 '21
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PACS pointings with a step of 47 arcsec in both  x and y directions) has been 
considered. In Table A.2 we show the results in the same form at as in Table 
A .l.
Looking at the two Tables A .l and A.2 the main conclusion are:
•  PACS has a better sensitivity with respect to  HIFI over all the considered 
wavelength range, being the observation time, S /N  and covered area the 
same (compare the last two columns of Table A .l and A .2).
•  The difference between the HIFI and the PACS line flux sensitivity de­
creases as the wavelength increases.
•  For HIFI the best flux limit is reached for the narrow lines (because the 
flux is spread over a lower number of channels).
•  If one wants to map a large area and thus to  use PACS in the Line 
Mapping mode, the differences between the two instrum ents is similar to 
the case of Line Spectroscopy observing mode.
•  Since the PACS spectral resolution in the considered wavelength range 
is 140 -  240 km s-1 , most of the lines observed w ith PACS will be unre­
solved whereas with HIFI, even if we rebin the d a ta  we can have a rough 
estim ate of the linewidth.
•  For lines a t A > 200 /xm, the HIFI line flux is higher th an  PACS line 
flux of a factor of 2 -  6 (depending on the line with) while the difference 
became as large as a factor 18 for the broadest lines a t 157 /xm.
Recently new versions of the time estim ator for the two instrum ents have 
been relised. Then in few cases the above estim ates have been recalculated. 
Although the numbers are slightly different, the final conclusion th a t PACS is 
most efficient instrum ent is still valid.
